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SUMMARY 
 
 Progress in the microelectronics industry is driven by smaller and faster 
transistors.  As feature sizes in integrated circuits become smaller and liquid chemical 
waste becomes an even greater environmental concern, gas expanded liquids (GXLs) 
may provide a possible solution to future device fabrication limitations relative to the use 
of liquids.  The properties of GXLs such as surface tension can be tuned by the inclusion 
of high pressure gases; thereby, the reduced surface tension will allow penetration of 
cleaning solutions into small features on the nanometer scale.  In addition, the inclusion 
of the gas decreases the amount of liquid necessary for the photoresist and etch residue 
removal processes.  This thesis explores the role of CO2-based GXLs for photoresist and 
etch residue removal.  The gas used for expansion is CO2 while the liquid used is 
methanol.  The cosolvent serving as the removal agent is tetramethyl ammonium 
hydroxide (TMAH) which upon reacting with CO2 becomes predominantly tetramethyl 
ammonium bicarbonate (TMAB). 
First this study determines the feasibility of GXLs for photoresist and etch residue 
removal by applying GXLs to commercially patterned semiconductor wafers.  At 90oC 
and pressures >1000psi, photoresist and etch residue are removed by a CO2 expanded 
TMAB solution diluted with methanol.  The mechanism of GXL film and residue 
removal appears to be swelling of the photoresist and subsequent penetration of the 
photoresist by cosolvent, followed by an etch of the underlying SiO2 by hydroxide ions in 
equilibrium with the bicarbonate.  The etch process releases the photoresist and etch 
residue from the surface by lift-off.   
 xx
Besides feasibility of photoresist and etch residue removal by GXLs, this work 
confirms the compatibility of GXLs with low k materials such as methylsilsesquioxane 
(MSQ) which is present on state-of-the-art ICs.  Low k materials are currently 
incorporated in industry as an insulation layer between metal layers that form the 
interconnects between transistors.  The dielectric constant of these materials must remain 
low (~2.7) to serve as effective insulation between metal layers.  Due to the absorption of 
tetramethyl ammonium, bicarbonate, and hydroxide ions into the MSQ film, the dielectric 
constant increases.  However, a 2200psi CO2/CH3OH is able to solubilize and remove 
these ions to recover the low k dielectric constant value.  These experiments demonstrate 
that GXLs can be used to remove photoresist and etch residues while remaining 
compatible with low k materials which makes GXLs a possible choice for these cleaning 
processes for future IC fabrication. 
In certain GXLs, the CO2 gas is replaced with C2H6 in order to compare the 
quadrupolar nature of CO2 to that of the nonpolar C2H6.  However, C2H6 does not react 
with TMAH and therefore the concentration of the hydroxide ion removal agent is 
different as well.  Although direct comparisons cannot be made, C2H6 is able to remove 
the photoresist and etch residue films at a lower temperature of 50oC relative to CO2 due 
to the increased hydroxide ion concentration.  However, this higher hydroxide ion 
concentration etches the low k dielectric films.   
The expansion gases CO2 and C2H6 are directly compared via their absorption 
into polyhydroxystyrene (PHOST) and polystyrene (PS), since PS lacks the hydroxyl 
group of PHOST.  A quartz crystal microbalance was used to measure mass uptake of the 
gases.  PHOST absorbed a higher ratio of CO2/C2H6 compared to PS suggesting an 
 xxi
interaction of the quadrupole moment of CO2 with the hydroxyl group in PHOST via a 
Lewis acid-base interaction.   
  
 
 
 1 
CHAPTER 1  
INTRODUCTION 
Motivation 
 The purpose of all corporations is to generate revenue, but the cost to society may 
have a high price tag.  Often, the cost incurred is the environment and technical 
innovation.  These are the two main topics that will be addressed in the form of 
application of gas expanded liquids (GXLs) for photoresist and etch residue removal.  
Current photoresist and etch residue removal processes use large quantities of water and 
hazardous chemicals.  GXLs provide a more environmentally friendly alternative through 
the use of CO2 as a solvent to reduce liquid solvent usage.  In addition, as feature sizes in 
current integrated circuits decrease, liquids with higher viscosities and surface tensions 
than GXLs may be unable to penetrate into the smaller features to remove contaminants. 
Introduction to the Microelectronics Industry 
Competition to gain consumer market share through better products and services 
drives all industries.  However, an additional challenge motivates the microelectronics 
industry, namely Moore’s Law, which originally stated that the number of transistors 
doubles every two years1.  Transistors are the tiny switches that are at the heart of 
microprocessors.  Although an ambitious prediction, the microelectronics industry has 
achieved or even exceeded this claim for the past 40 years through various innovations.  
Current production technology according to Intel, is based on the 65nm node, half the 
pitch distance between two adjacent gates.  But production on the 45nm generation will 
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begin at the first half of 2008 to meet Moore’s Law prediction2.  Figure 1.1 shows a cross 
section of a 65nm node transistor where the gate length is a mere 35nm. 
 
 
 
 
 
 
 
Figure 1.1: Cross-section of a 35nm gate using 65nm technology3. 
 
In order to achieve the predicted trend, several new technologies have been 
implemented over the past decade, such as strained silicon, low-k dielectric materials 
such as carbon doped oxide, and 300mm silicon wafers4.  For the 45nm node, other new 
innovations will include high k dielectrics for the transistor gate dielectric and metals for 
the transistor gate electrode2.   
In order to increase the data processing speed of transistors, many approaches are 
being considered such as reducing gate length, lowering the dielectric constant of the 
material serving as insulation between interconnect layers, increasing the dielectric 
constant of the gate material, using interconnect material with higher conductivity, or 
even using a completely different material instead of silicon.  In general, the feature sizes 
of integrated circuits are ever-shrinking.  Effective creation of these smaller features in 
more complex devices requires a combined effort from photolithography, deposition, 
etching, and removal of photoresist and etch residue.  The specific step in microelectronic 
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fabrication that will be investigated in this thesis is the photoresist and etch residue 
removal step.   
Photoresists and Etch Residue 
A total of 33 photoresist removal steps are involved in the creation of a state-of-
the-art microprocessor unit (MPU)5.  Photoresists and etch residues must be removed in 
order to ensure clean surfaces for subsequent deposition steps.  Incomplete removal can 
cause high resistivity metal contacts, increased dielectric constant for interlayer 
dielectrics, and can change feature dimensions.  Photoresists are the radiation (light) 
sensitive films used to create patterns on silicon wafers.  The etch residue forms on top of 
the photoresist and along the sidewalls of the etched via or trench due to plasma-based 
etching.  A typical process for creating patterns is shown in Figure 1.2    
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2: Processes in IC fabrication. 
 
Substrate
Deposit film (CVD, 
PECVD)
Apply photoresist
Expose (Lithography)
Develop
Etch (Plasma)
Strip/Clean
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In Figure 1.2 the photoresist is a positive photoresist which means that when it is exposed 
to UV, chemical and/or physical changes occur to render the exposed material more 
soluble in a developer solution.  During the development step, the photoresist that was 
exposed to UV radiation dissolves in a developer liquid solution and is removed.  The 
structure remaining is exposed to a plasma etch process where the film not protected by 
the photoresist (i.e., the film exposed directly to the plasma) is etched.  In addition, the 
photoresist is also etched, but due to etch rate differences (selectivity) the film is etched 
at a higher rate compared to the photoresist.  After the etching step, the photoresist is no 
longer necessary and must be removed. 
 The two main types of photoresists currently employed are (1) those that upon 
UV exposure directly change their solubility in developer solution and (2) those that are 
chemically amplified where a post exposure bake causes a chemical reaction that changes 
the solubility of the resist6.  Novolak resin, diazonaphthoquinone (DNQ) photoactive 
compound (PAC), and propylene glycol methyl ether acetate (PGMEA) solvent serve 
effectively as a resist system wherein the resist material changes solubility upon UV 
exposure due to UV-initiated chemical reaction and molecular rearrangement.  
Polyhydroxystyrene (PHOST) resin with a t-butoxycarbonyl (t-BOC) group, 
triphenylsulfonium aniomate photoacid generator (PAG), and PGMEA solvent is a type 
of chemically amplified resist7.  Both of the photoresist materials cited here are positive 
photoresists, which means that upon UV exposure, the photoresist becomes more soluble 
in a developer solution relative to the unexposed material8.    
Novolak resin as shown in Figure 1.3 was used in the integrated circuit (IC) 
industry from the late 1970s to the mid 1990s.  
 5
 
 
 
 
 
Figure 1.3: Novolak resin. 
 
The novolak/DNQ photoresist system uses g-line (436nm) and i-line (365nm) wavelength 
light exposure from an Hg arc lamp.  Upon exposure to UV light, the dissolution inhibitor 
DNQ shown in Figure 1.4 undergoes a chemical reaction and molecular rearrangement. 
 
 
 
 
 
 
Figure 1.4: Chemical reaction of DNQ upon UV exposure. 
Due to the formation of the carboxylic acid, the resulting product is soluble in an alkali 
solution such as tetramethyl ammonium hydroxide (TMAH). 
 Chemically amplified photoresists are more complicated due to a specific two 
step procedure for image formation.  Whereas the novolac/DNQ photoresist is exposed to 
UV light and then becomes more soluble in basic solution, PHOST-tBOC requires 
exposure and bake steps9.  In the first step, the PAG triphenylsulfonium salt is exposed to 
deep ultraviolet light (DUV) at 248nm using a KrF excimer laser which results in the 
creation of trifluoroacetic acid that catalyzes the next step in the reaction sequence, as 
described in Figures 1.5 and 1.6. 
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Figure 1.5: Creation of trifluoroacetic acid from a triphenylsulfonium salt. 
 
The PHOST-tBOC/PAG system is then baked at 110oC and the acid catalyzes the 
detachment of the tBOC group from PHOST as shown in Figure 1.610. 
 
 
 
 
 
Figure 1.6: PHOST-tBOC undergoes an acid catalyzed reaction to become PHOST which is soluble 
in basic solution.  In addition the acid is regenerated. 
 
PHOST is soluble in basic solutions, but the tBOC attachment inhibits the dissolution.  
Between 10-30% of PHOST has tBOC protection6.  The main benefit of the chemically 
amplified photoresist is that the acid is regenerated and thereby can catalyze more 
reactions.  For comparison, the overall processes are shown in Figures 1.7 and 1.8 for 
novolak/DNQ and PHOST-tBOC, respectively11. 
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Figure 1.7: Processing sequence for DNQ/novolak. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.8: Processing steps for PHOST-tBOC. 
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After the photoresist film has been developed, the film is exposed to either a 
liquid wet etch or dry plasma etch process.  A plasma is a highly reactive ionized gas 
formed when a voltage is applied to a gas across two parallel plates.  The plasma phase is 
highly reactive due to the free radicals and ions created by the electrical discharge formed 
between the parallel plates12.  During the dry etch process, the plasma not only etches the 
film not protected by the photoresist but also reacts with the photoresist; the combination 
of photoresist fragments and partially reacted etch products form etch residues that 
deposit on feature sidewalls and at the bottom of the trench that is formed.  Plasmas using 
CF4, C2H6, CHF3, C4F8, NF3, SF6, CFCl3, CF3Cl, or CF2Cl2 are used to etch SiO2 by 
reacting fluorine atoms with SiO2, forming volatile etch products such as SiF4 and CO2 
and generating a tough crust-like fluorinated film on top of the photoresist13.  
Cleaning Processes in FEOL and BEOL 
The manufacture of an integrated circuit can be divided into two segments, 
designated front end of the line (FEOL) and back end of the line (BEOL).  FEOL refers 
to the process steps prior to interconnect (conductor) film deposition whereas BEOL 
refers to the subsequent steps.  Different types of cleaning steps are involved in each 
segment, but both segments must remove organic contaminants, metallic particles, oxide 
films, photoresist films, and etch residues.  Figure 1.9 shows a schematic diagram of 
post-etched (pre-cleaned) and cleaned portions of a cross section of an integrated 
circuit14.  In addition, Figure 1.9 illustrates the various types of residues present, 
including sidewall, top, and Cu-rich. 
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Figure 1.9: Diagram of pre-clean and post-clean.  CD is critical dimension.  PER is post etch residue. 
 
In FEOL, the standard RCA (Radio Corporation of America) clean is generally 
implemented since this procedure is an effective clean.  The RCA clean process has three 
parts: SC-1 (standard clean 1), a solution of H2O, H2O2, and NH4OH in a ratio of 5:1:1 
that removes organic contaminants; SC-2 (standard clean 2), a solution of H2O, H2O2, 
and HCl in a ratio of 6:1:1 that removes metallic contaminants; and a diluted 50:1 HF 
solution that removes the native silicon oxide film 15.  Variations on the RCA clean 
include the use of megasonics, ozonated water, and piranha solutions comprised of H2O, 
H2O2, and H2SO415.  In order to reduce the use of de-ionized (DI) water and other 
chemicals, the immersion RCA steps can be replaced with spray tools and vapor phase 
cleaning15.  A system called single-wafer spin cleaning with repetitive use of ozonated 
water and dilute hydrogen fluoride (SCROD) has been reported to be more effective in 
removing the organic and metallic contaminants in addition to reducing the amount of DI 
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water and chemicals used16.  However, due to the simplicity, effectiveness, and low cost 
of the RCA immersion clean, the RCA process has not changed radically in the past 40 
years.   
In FEOL, photolithography is used to define the n and p-doped silicon regions.  
The dopants are added via ion implantation into the exposed areas and onto the protective 
photoresist.  Oxygen plasma oxidizes the photoresist and creates volatile products which 
are pumped out of the system.  After deposition of the high k gate dielectric and the first 
layer of metal interconnects, a low k interlevel dielectric is deposited by CVD.  Contact 
holes are etched into the interlevel dielectric using a fluorocarbon plasma; subsequent 
processes comprise BEOL.   
In BEOL, a fluorocarbon plasma is used to etch a low-k dielectric film, but in 
addition this process creates a thin fluorocarbon crust on top of the photoresist and along 
the sidewalls of the via17.  Low-k dielectric film is the insulating layer between the metal 
layers.  The residue ensures the generation of an anisotropic etch profile, but must be 
removed before subsequent processing.  Unlike the situation in FEOL, the photoresist 
film cannot be removed using oxygen plasmas because the plasma will react with the 
organic groups in the low k dielectric and alter the dielectric constant.  Alternatively, 
inorganic low k dielectrics such as carbon doped SiO2 can be substituted instead18.  
Rather than an oxidative plasma, a reducing plasma such as H2 or H2/N2 can remove the 
fluorocarbon residue.  However, complete removal is inhibited, thereby requiring an 
additional liquid cleaning step19.   
In addition to the complexities caused by the low k dielectric, another concern is 
the corrosion of metal lines in BEOL.  In the past, aluminum was used as the interconnect 
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material.  At that time, hydroxylamine-based cleaning formulations were effective in 
removing the post plasma etch residue but did not damage the aluminum lines.  However, 
technology has shifted toward the use of copper due to copper’s superior electrical 
conductivity.  Dual damascene processes for copper patterning involve etching of the 
dielectric rather than the copper, and then the copper is electrochemically deposited to 
form conductor patterns20.  Although hydroxylamine solutions are compatible with 
copper, semi-aqueous fluoride chemistries require shorter processing times and use lower 
temperatures, and are therefore often preferred for cleaning purposes21.  Hydroxylamine 
solutions perform best between 60oC-70oC whereas semi-aqueous fluoride chemistries 
can function at room temperatures and due to the lower temperatures, less DI water is 
evaporated22.  The DI water present in the hydroxylamine and semi-aqueous fluoride 
solutions presents a possible a corrosion scenario but an isopropyl alcohol rinse can 
minimize corrosion21.  Semi-aqueous fluoride solutions cause large critical dimension 
(CD) losses because they etch the dielectric sidewalls at contact lines present in patterned 
wafers.   
Another alternative to the use of oxygen plasmas for cleaning is the application of 
densified ammonia after a microwave downstream plasma to remove the post etch 
residue and post etch residue rich with metal, but any moisture in the ammonia can cause 
metal corrosion23.  Yet another cleaning approach uses a sulfur trioxide gas cleaning 
solution, but displays similar concerns with moisture content since corrosive sulfuric acid 
may form.  In this process,the sample to be cleaned is exposed to sulfur trioxide gas at 
temperatures ~100oC and then rinsed using DI water24.  Ozonated DI water has also been 
investigated as a removal solution.  Although it is not very effective, the inclusion of 
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small concentrations of HF has improved its removal capability25.  Companies such as 
ATMI and EKC have proprietary solvents that are able to remove photoresist and etch 
residues in BEOL but these formulations are expensive.  As a result, spray tool 
companies such as Semitool have considered extremely dilute HF (1:1000) which is a 
significantly cheaper alternative albeit not as effective.  Another means of facilitating 
photoresist and etch residue removal is the addition of mechanical energy to the substrate 
surface; this is generally accomplished by applying megasonic energy to the cleaning 
solution26.               
Frequently ashing, which uses oxygen plasmas as a dry removal step, is used in 
conjunction with a wet removal step to ensure effective cleaning27.  The plasma can often 
partially remove the residue by oxidizing the hydrocarbon photoresist film and thus allow 
the liquid solvent to better penetrate the film to dissolve or lift it off.  Instead of switching 
between two pieces of equipment, supercritical fluid (SCF) systems are able to clean and 
rinse/dry in the same chamber and thereby save space and lab costs28.  Processes using 
supercritical CO2 with tetramethyl ammonium hydroxide cosolvent have been 
demonstrated to remove photoresist and etch residues29, 30.  Other high pressure 
approaches such as ammonium fluoride with supercritical CO2 were able to remove these 
residues as well31.  Rather than employ supercritical CO2 conditions, IMEC has partnered 
with Eco-snow to develop a cryogenic CO2 cleaning system32. 
Organization of Thesis 
 The prior sections described current approaches to removing photoresist and etch 
residue.  The two key points that GXLs address are reduction of liquid solvent usage and 
penetration into smaller vias in integrated circuit devices.  Because of these two 
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advantages, the use of GXLs for photoresist and etch residue removal may offer 
important advantages.  Prior work by Spuller laid the foundation for fundamental studies 
of GXLs for photoresist and etch residue removal such as wetting and solvent usage33.  
This thesis intends to explore the role of CO2 in GXLs for photoresist and etch residue 
removal by investigating the effectiveness and controlling attributes of GXLs for 
cleaning of device wafers obtained from industrial firms, and by studying the effect of 
GXLs on newly implemented film materials currently used in IC fabrication. 
 Chapter 1 describes the microelectronic device fabrication process and the 
importance of the photoresist and etch residue removal step.  In addition, justification for 
this research and significance of GXLs in this specific processing step are presented.  
Chapter 2 describes the nature of GXLs by explaining how they are created and what 
specific characteristics are beneficial for the particular cleaning application we are 
considering.  Furthermore, GXLs are compared to other fluids such as supercritical 
fluids, liquids, and gases in order to show the advantages of GXLs.  In Chapter 3 the 
analytical techniques used to characterize the GXL processed materials are described.  
The techniques detailed include x-ray photoelectron spectroscopy (XPS), goniometry, 
ellipsometry, Fourier transform infrared spectroscopy (FTIR), quartz crystal 
microbalance (QCM), and electrical characterization methods such as current-voltage 
(IV) and capacitance-voltage (CV).  Chapter 4 describes studies that evaluate the use of 
GXLs for cleaning industrially-generated device samples, since previous photoresist 
removal experiments using GXLs were only applied to model films generated in our 
laboratory.  Two different gases, CO2 and C2H6, were used as gases for the liquid 
expansion.  These two gases have many similar properties except that C2H6 lacks the 
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quadrupole moment characteristic of CO2.  Both gases demonstrated that the film can be 
removed at elevated temperatures (90oC) and pressures (>1000psi).  However, 
fundamental differences between the mechanism by which each gas removed photoresist 
and etch residue mechanisms were not clearly identified because CO2 reacts with TMAH 
whereas C2H6 does not.  This reaction changes the composition of the GXL.  The CO2 
GXL is dominated by bicarbonate whereas the C2H6 GXL has more hydroxide 
concentration which may be the cause of the different removal conditions.  In Chapter 6 
CO2 and C2H6 were investigated without the reactive cosolvent.  The absorption of these 
gases into polystyrene (PS) and polyhydroxystyrene (PHOST) were investigated using 
QCM.  The hydroxyl group in PHOST may have interacted more with CO2 through a 
Lewis acid-base interaction as indicated by the higher ratio of CO2/C2H6 absorbed by 
PHOST compared to PS.  In addition dissipation measurements suggested that the films 
had become less rigid due to swelling.  Current microelectronic device fabrication 
technology incorporates low k dielectric materials.  Since, these materials must be 
compatible with the GXL processes in order to consider use in IC processing, 
compatibility issues were investigated in Chapter 5.  Chapter 7 summarizes the 
conclusions of this work and Chapter 8 provides future work that focuses on swelling 
investigations and possible gas and liquid alternatives to CO2 and methanol. 
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CHAPTER 2  
GAS EXPANDED LIQUIDS (GXLS) 
Introduction 
As the feature sizes of integrated circuits (ICs) decrease, transport of liquid 
solvents (cleaning solutions) into and out of the vias and trenches becomes more difficult 
due to surface tension1.  Vias are high aspect ratio holes that vertically connect the metal 
layers in an integrated circuit whereas trenches horizontally connect the various 
transistors and other devices.  The vias and trenches are later filled with metal lines 
during dual damascene processes for copper.  Surface tension during cleaning and drying 
operations using liquids generates capillary forces that can cause feature collapse2.  
Possible alternatives to liquids are supercritical fluids (SCFs) and gas expanded liquids 
(GXLs) which have lower surface tensions.  Another reason to consider these alternatives 
relative to atmospheric pressure liquids relates to environmental concerns with the large 
volumes of hazardous chemicals and DI water used by the microelectronics industry.  
Increased legislative restrictions on the use of many liquids currently employed may 
force companies to invoke GXLs or SCFs for photoresist and etch residue removal 
process as well as rinsing and drying steps, since they require lower volumes of liquids.  
Carbon Dioxide in SCFs and GXLs 
The need for a fluid that can penetrate into the small geometries that will be used 
in future microelectronic devices and that can meet the environmental regulations on 
toxic chemicals and water has generated an interest in SCFs and GXLs.  SCFs and GXLs 
both utilize fluids at high pressures (>1000 psi) and moderate to high temperatures 
 19
(>50oC).  The gas used in both fluids is currently CO2 because it is benign in nature, 
relatively environmentally friendly, not explosive, non-flammable, inexpensive, and 
readily available.  In addition, it has an easily attainable supercritical condition due to its 
low critical temperature of 31oC and reasonable critical pressure of 1070psi.  A SCF is a 
fluid at conditions above its critical temperature and pressure.  The SCF has 
characteristics of both a gas and liquid and properties that lie between these extremes as 
indicated in Table 2.1. 
Table 2.1: Gas, liquid, and supercritical properties of a typical organic fluid3. 
 
 Density 
(g/ml) 
Diffusivity 
(cm2/s) 
Dynamic Viscosity 
(g/cm-s) 
Gas 1 x 10-3 1 x 10-1 1 x 10-4 
Liquid 1.0 5 x 10-6 1 x 10-2 
Supercritical Fluid 3 x 10-1 1 x 10-3 1 x 10-4 
 
 
 Although pure CO2 at supercritical conditions is a relatively poor solvent, 
supercritical CO2 (SCCO2) with additives can serve as a potent solvent.  SCCO2 
functions as a nonpolar solvent and thus displays moderate solubility for organic species.  
In addition, CO2 can behave as a Lewis base or acid4.  SCCO2 is used in conjunction with 
a cosolvent in various chemical extraction and purification processes5.  One well known 
process is the decaffeination of tea and coffee.  Only the caffeine is selectively removed 
in the SCCO2 -based mixture and after decompression the CO2 can be recycled as an 
added benefit6.   
SCFs have one phase whereas GXLs have two phases, liquid and gas.  However, 
only the liquid phase in a GXL is used as the solvent in contact with the material to be 
solubilized.  In comparison to SCFs, GXLs have lower operating pressure conditions and 
a higher liquid fraction is present.  Due to the inclusion of more liquid, GXLs have 
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inferior transport properties compared to SCFs but have superior solvent capabilities.  
Figure 2.1 illustrates the transport ability and solvent power differences between the 
gases, SCFs, GXLs, and liquids. 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Diagram of transport ability and solvent power of gases, SCFs, GXLs, and liquids7. 
 
As is evident from Table 2.1, gases and SCFs have higher diffusivities and lower 
viscosities than GXLs, so their transport properties are enhanced relative to those of 
GXLs.  However, liquids and GXLs with their larger liquid solvent content have better 
solvent power for photoresist and etch residue removal applications. 
Unique Characteristics of GXLs 
In GXLs, the liquid/gas combination allows increased tunability of physical 
properties such as viscosity and density.  Furthermore, the key attributes of tunability and 
reduced volumetric use of liquids with the incorporation of CO2 make GXLs an excellent 
choice for removing photoresists and etch residues.  In addition, because GXLs require 
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lower pressures, the elevated pressure equipment is less expensive and the transition from 
a liquid system to a GXL system should be somewhat easier as compared to a liquid to 
SCF transition.   
Although SCFs have been intensively investigated, GXLs have not garnered as 
much support.  However, GXLs have been employed for crystallization8, separation 
processes9-11, and amine formation and separation12.  The use of GXLs in 
microelectronics processing has been initially investigated by Spuller with respect to 
general feasibility and the identification of fundamental concerns13.  In order to 
demonstrate the tunability of GXLs, Spuller derived expressions for the dependence of 
viscosity and diffusivity on GXL composition GXLs by fitting experimental data and 
using literature correlations14.  Equation 2.1 describes viscosity and Equation 2.2 
describes density in GXLs with varying gas mole fraction. 
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where D = diffusivity (cm2/s) 
 φ = solvent association factor 
 x = mole fraction of liquid in GXL 
μ = viscosity (g/cm-s) 
M = molecular weight (g/mole) 
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These equations demonstrate that GXL properties such as viscosity and diffusivity can be 
tuned by varying the mole fraction of gas dissolved in the GXL; mole fraction variation 
can be achieved by changing the pressure.  Other properties that can be tuned are density 
and surface tension.  Density and pressure change with mole fraction of CO2 in methanol 
is portrayed in Figure 2.2.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2: Pressure and density values as a function of CO2 mole fraction in methanol 15. 
 
 
Figure 2.3 shows the decrease in surface tension for ethanol when CO2 has been added at 
different temperatures.  
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Figure 2.3:  Surface tension of liquid ethanol as a function of CO2 pressure at different temperatures 
16. 
 
SCFs and GXLs function in a similar manner for photoresist and etch residue 
removal in that swelling by CO2 facilitates penetration of the photoresist/residue by the 
cosolvents and additives.  However, the role of CO2 in the GXL is not well understood 
because CO2 may simply act as a diluent but more likely plays a more important role.   
The combination of the liquid in GXL and the CO2 dissolved in it behaves differently 
from a one phase supercritical system.  CO2 swells polymeric films such as photoresist, 
especially if the temperature is above the glass transition temperature (Tg) of the film17.  
Film swelling decreases polymer-polymer and polymer-substrate interactions and thereby 
aids in removal.  In addition, mechanical pulsing of CO2 pressure facilitates film swelling 
and can even crack the photoresist film17.  In conjugation with swelling and mechanical 
destruction of the photoresist film by high pressure CO2, the cosolvent can penetrate 
underneath the film in order to lift it from the surface.  Various cosolvents have been 
investigated such as tetramethylammonium hydroxide (TMAH)18, propylene carbonate 
(PCO3)19, nitrogen-containing bases19, and ozonated water20.  In most cases, the cosolvent 
is only 5 wt% of the fluid21.  However, for GXLs the cosolvent amount is much higher, 
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and the CO2 is dissolved in the cosolvent rather than the cosolvent dissolved in the CO2.  
Due to the higher solvent power of GXLs and the ability to tune their properties, this 
class of fluids offers the potential of high effectiveness for photoresist and etch residue 
removal in IC processing.  
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CHAPTER 3  
ANALYTICAL TECHNIQUES 
 In order to characterize and analyze films exposed to GXLs and other fluids, a 
broad spectrum of analytical techniques were implemented.  Surface characterization was 
performed using x-ray photoelectron spectroscopy (XPS) and goniometry.  Thicknesses 
were measured using ellipsometry.  Bulk composition and bonding in films were 
characterized using Fourier transform infrared spectroscopy (FTIR).  Mass uptake was 
measured using quartz crystal microbalance (QCM).  Electrical characterization was 
interpreted through current-voltage (IV) and capacitance-voltage (CV) plots using a 
semiconductor parameter analyzer and CV analyzer. 
X-ray Photoelectron Spectroscopy 
 Surface properties such as elemental composition and bonding structures are 
obtained using x-ray photoelectron spectroscopy (XPS).  Elemental composition is 
important because photoresist and etch residue complete removal can be confirmed by 
atomic composition percentages.  For example, a silicon atomic percentage above 22% 
represents complete removal of photoresist and etch residue1 for the samples tested in 
Chapter 4.  This removal was also confirmed via scanning electron microscopy (SEM).  
In addition to atomic percentage compositions, XPS signals are sensitive to bonding 
structures.  For instance, etch residue that results from fluorocarbon plasma etching, 
contains carbon bonded to fluorine as C-F, C-F2, C-F3, or C-C-Fx2.  Each of these bonds 
results in different peaks or binding energy shifts in the XPS spectrum as shown in Figure 
3.1. 
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 Figure 3.1: XPS spectra for fluorocarbon post etch residue.  Different peaks for each 
bonding structure2. 
 
In XPS analysis, an x-ray impacts an atom and upon energy transfer to core 
electrons, the energized electrons escape the coulombic attraction from the nucleus.  This 
transition is known as the photoelectric effect; Figure 3.2 shows a schematic 
photoelectric effect.   
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Figure 3.2: Photoelectric effect3.   
 
An ultra high vacuum environment ~10-9 torr is necessary to maximize the 
number of electrons that are detected and not lost by collisions with gas molecules in the 
XPS chamber.  An electron spectrometer measures the velocity of the emitted electron in 
order to determine the kinetic energy and thereby calculate the binding energy of the 
electron (to the solid) which gives a unique signature for each element.  Equation 3.1 is 
used to calculate the binding energy3. 
 EB = hν - EK – W       (3.1) 
 where  EB = binding energy (eV) 
    hν = x-ray energy (eV) 
  EK = kinetic energy (eV) 
  W = work function (eV) 
The x-ray energy is known and is a function of the metal used to generate the x-ray.  Our 
system uses an Al k alpha source which gives a photon energy range from 0 to 1486eV.  
Kinetic energy can be calculated from the known velocity of the escaped electron, while 
the work function is a known property of the spectrometer. 
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 A typical XPS spectrum displays intensity along the ordinate and binding energy 
along the abscissa.  Each element has a unique XPS spectrum because each electron 
escapes at a specific binding energy.  XPS can detect atoms to a depth of ~10nm and our 
particular system averages over an area corresponding to an 800μm diameter spot.  For 
general XPS analyses, a survey scan was performed at 187.85eV pass energy with a step 
size of 0.5eV and 50ms.  The pass energy is the energy range allotted to the detector; a 
large pass energy allows higher electron counts at the expense of lower resolution.  After 
survey scans, specific binding energy regions were scanned at the lower pass energy of 
46.95eV with a step size of 0.025eV; 100ms/step was used for higher resolution studies. 
 A neutralizer or electron flood gun was used to neutralize charge build up on the 
insulating surfaces being analyzed.  Neutralizer alignment was performed using carbon at 
284.8eV as the reference peak.  All samples contain adventitious carbon that arises from 
the exposure of samples to atmospheric conditions; adventitious carbon is indicated by a 
C-C bonding peak at 284.8eV4.  The XPS system is a Phi model SCA 1600/3057.  The 
software used for data collection is Phi PC Explorer version 3.4 while Multipak version 
8.2B was used to deconvolute curves such as those in Figure 3.1.  Gaussian and 
Lorentzian curves served as fits for the deconvolution.  
Variable Angle Spectroscopic Ellipsometry 
 Thin films thicknesses measurements on the order of nanometers are performed 
using variable angle spectroscopic ellipsometry (VASE).  Measurement of the film 
thickness before and after processing determines whether film etching or film growth has 
occurred.  Ellipsometry measures the change in polarization and amplitude of a light 
beam after it reflects off a transparent film to establish the thickness (and refractive 
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index) of the specified film5.  In addition, the angle of the incident light can varied to 
maximize sensitivity and accuracy6.  Polarization of the light refers to the direction of the 
transverse electric field; the electric field is perpendicular to the magnetic field.  The light 
is set to a known polarization state based on orientation and phase of the electric field 
vector.  At this point in time the light is linearly polarized where the x and y components 
of the electric field are in phase with each other and have the same amplitude.  After 
reflection from the film surface, the parallel (s) and perpendicular (p) components of the 
light beam are out of phase and have different amplitudes in the s and p planes7, where  s 
refers to the plane of incidence and p is perpendicular to the plane of incidence5.  Figure 
3.3 shows a schematic representation of this process7. 
 
 
 
 
 
 
 
Figure 3.3: Sequence of polarized light reflecting off a sample film7. 
 
From the elliptically polarized light, the azimuth angle ψ and phase shift Δ can be 
obtained according to Figure 3.4. 
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Figure 3.4: Elliptically polarized light where the light is propagating towards the reader8. 
 
The fundamental equation for ellipsometry uses ψ and Δ to calculate a ratio between total 
reflection coefficients according to Equation 3.25. 
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where R = total reflection coefficient 
r = Fresnel reflection coefficient 
β = phase angle (o) 
φ = incidence angle (o) 
N~ = complex refractive index 
n = refractive index 
k = extinction coefficient 
d = film thickness (nm) 
λ = wavelength (nm) 
Using this ratio in Equation 3.2 and the known or measured refractive indices, incidence 
angle, and extinction coefficients at specified wavelengths, the thickness of the film can 
be calculated.  Figure 3.5 shows a diagram of a film with incident, reflected, and 
transmitted light beams labeled according to the parameters indicated above. 
 
 
 
 
 
Figure 3.5: Arrows indicate direction of light.  One film ( N~ 2) on a substrate ( N
~
3) exposed to air 
( N~ 1)5. 
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A Cauchy model, Equation 3.3, was used to relate refractive index as a function of 
wavelength in order to fit the data and thus calculate a thickness for low k dielectric films 
and photoresist films5.   
4
2
2
1)( λλλ
nnnn o ++=          (3.3) 
where n(λ) = refractive index 
no, n1, n2 = fitted Cauchy parameters 
 In order to ensure a reasonable fit, a range of wavelengths between 400-1000nm 
were used in addition to incident angles of 65o, 70o, and 75o.  These angles were chosen 
because they are similar to the Brewster angles for glass at 56o and silicon at 75o, where 
the Brewster angle is the angle at which Δ = 90o, at which point the sensitivity is 
maximized7.  A J.A. Woollam M-2000VI ellipsometer was used to perform all thickness 
measurements using WVASE32 version 3.632 for analysis and data fitting. 
Goniometry 
 Goniometry or contact angle measurements were performed to measure the 
change in hydrophilicity or hydrophobicity of a film before and after GXL processing.  
Contact angle measurements are important because they can indicate surface changes that 
resulted from alteration of roughness or chemical bonding structures.  Two different 
types of films were investigated: photoresist and low k dielectrics.  For both films, the 
contact angle using water as the probe liquid is greater than 90o indicating 
hydrophobicity.  However, after GXL processing the photoresist film is removed and the 
underlying SiO2 has a contact angle of 25o.  The decreased contact angle indicates that 
the photoresist film has been removed.  In the case of low k dielectrics, the decrease in 
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contact angle may indicate etching of the film as discussed in detail in Appendix A.  
Young’s equation (Equation 3.4) is used to calculate the contact angle9. 
γlvcosθY = γsv - γsl        (3.4) 
where γlv = surface tension between liquid and vapor interface (dynes/cm) 
γsv = surface tension between solid and vapor interface (dynes/cm) 
γsl = surface tension between solid and liquid interface(dynes/cm) 
θY = contact angle (o) 
Figure 3.6 illustrates these variables.   
 
 
 
 
 
 
Figure 3.6: Illustration of surface tension between different phases9. 
 
Although these surface tensions can be calculated or measured in order to calculate 
contact angle, the contact angle is directly measured by taking a picture of the drop and 
drawing lines tangent to the drop at the surface to measure the contact angle as shown in 
Figure 3.7. 
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Figure 3.7: A) hydrophilic surface and B) hydrophobic surface. 
 
An AST Products Video Contact Angle System 2500XE was used to measure the 
contact angles and VCA version 1.52 was used to calculate the contact angles.  Contact 
angle measurements were performed for both the left and right side of the droplet and at 
least three measurements were averaged.  The droplet size was 2μL. 
Fourier Transform Infrared Spectroscopy 
 Like XPS, Fourier transform infrared (FTIR) spectroscopy gives information 
about chemical bonds and chemical composition, although FTIR probes vibrational 
modes of bonding structures10.  Through the use of FTIR spectra we can determine the 
specific types of chemical bonds present in the bulk film, whereas XPS is sensitive only 
to surface and near surface bonds.  FTIR can detect ~1013 bonds/cc with accuracy around 
5%10.  Specifically, FTIR was used in conjunction with XPS to determine bonding 
changes in low k dielectric films before and after GXL processing.   
FTIR uses an infrared radiation source that is transmitted through the film and 
substrate.  The intensity of the beam is measured before and after transmission through 
the film.  The transmission ratio is defined in Equation 3.5.   
Tw = (It/Io)        (3.5) 
 where Tw = fraction of light transmitted 
θ θ 
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  It = transmitted light intensity 
  Io = original light intensity 
In our studies, absorbance has been measured, where absorbance is the negative log of 
transmission.  The absorbance intensity is measured at different frequencies to create an 
infrared spectrum as shown in Figure 3.810. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8: Infrared spectrum.  FWHM is the full width half maximum.  Wavenumbers are typically 
in units of cm-1. 
 
Fourier transform IR is necessary to change from the intensity-time domain 
output of the interferometer to the intensity-frequency domain10.  The infrared beam 
causes the chemical bonds to vibrate in various ways.  Figure 3.9 illustrates typical bond 
movements. 
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Figure 3.9: Different modes of stretching, vibrating, and deformations of bonds11. 
 
A Bruker IFS66v/S FTIR was used in conjunction with Opus version 3.1 to 
analyze the data.  The frequency step size was 4cm-1 and 256 scans were performed for 
the background sample or substrate and 128 scans were performed for the film with the 
substrate.  The sample chamber was evacuated to 1mbar and purged with nitrogen to 
reduce moisture. 
Quartz Crystal Microbalance 
 Mass absorption in thin films was measured using a quartz crystal microbalance 
(QCM).  Due to the thin films and small amount of gas absorbed, a very sensitive mass 
balance such as a QCM is required which can measure on the order of 10-9g.  QCM uses 
a quartz crystal as the substrate onto which a film is deposited.  The crystal is sandwiched 
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between two gold electrodes.  Quartz is a piezoelectric material which means that when a 
mechanical stress (e.g., mass) is applied to the crystal, an electric charge is created but in 
a closed loop this causes the appearance of a potential difference or voltage.  In addition, 
when a voltage is applied to the crystal, the crystal responds by changing the vibration 
frequency12.  The change in frequency can be related to the change in mass using the 
Sauerbrey equation shown in Equation 3.613, 14.  
ΔF = F – Fo = ΔFm + ΔFp + ΔFn      (3.6) 
ΔFp = FoαP           Foα=0.43Hz/psi 15  (frequency change due to pressure)  
ΔFn = -0.5Cm(πFo)-1/2(ρfnf )1/2    (frequency change due to viscosity) 
Cm = -2Fo2/(μqρq)1/2 
μq = 2.947x1011 g/cm-s2 
ρq = 2.648 g/cm3 
ΔFm = -2Fo2Δm/(μqρq)1/2 = -CmΔm/A   (frequency change due to mass) 
A = 1.53 cm2 
where F = current frequency (Hz) 
Fo = original frequency (Hz) 
ΔFm = frequency change due to mass (Hz) 
ΔFp = frequency change due to pressure (Hz) 
ΔFn  = frequency change due to viscosity (Hz) 
α = pressure correction factor 
Cm = mass sensitivity constant ⎟⎟
⎟
⎠
⎞
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ρf = density of fluid (g/cm3) 
nf = viscosity of fluid (g/cm-s) 
μq = shear modulus of crystal (g/cm-s2) 
ρq = density of crystal (g/cm3) 
A = area of crystal (cm2) 
Simply, when mass is loaded onto the quartz crystal, the frequency of the crystal 
decreases.  Different overtones above the fundamental resonant frequency can be 
measured.  For 6MHz crystal, the fundamental frequency is 6MHz and the 3rd and 5th 
overtones occur at 18MHz and 30MHz.  The higher frequencies are more sensitive and 
measure the mass uptake closer to the crystal substrate16.  The higher frequencies are 
more sensitive because a smaller change in mass is reflected in a larger change in 
frequency.  The range used for higher frequencies is greater than the measurement range 
used for lower frequencies.  The overtones measure the mass uptake closer to the film 
because higher frequencies dissipate faster through the film and hence the resonant wave 
does not propagate through the entire film17.  Figure 3.10 demonstrates this phenomena 
for a thin film17. 
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Figure 3.10: Depth profiling using overtones.  The numbers in the legend are the overtone numbers18, 
19. 
 
A Maxtek RQCM with RQCM Data Logging Software version1.8.8 and Q-Sense 
QCM-D with QSoft 301 version1.6.14.47 were used to collect and analyze the QCM 
data.  The Q-Sense QCM-D can also process multiple overtones and measure film 
dissipation as well.  Frequency and dissipation data were collected every 2 seconds.   
Electrical Measurements 
In order to measure the capacitance-voltage (CV) and current-voltage (IV) curves, 
an MIS (metal-insulator-semiconductor) structure was fabricated.  Silicon substrates were 
p-type (100) 4” test wafers from Nova Electronic Materials with a boron concentration of 
1016 to 5.5x1014 atoms/cm3 corresponding to resistivities between 1 and 25 ohm-cm.  A 
parallel plate capacitor in Figure 3.11 was created for the electrical characterization 
measurements. 
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Figure 3.11: Schematic of parallel plate capacitor. 
 
The metal used as the top electrode was gold, the insulation layer was the 
methylsilsesquioxane (MSQ) film, and the semiconductor was boron-doped silicon as 
described above.  A shadow mask with 2mm diameter holes was used to pattern the top 
electrodes.  Using a CVC e-beam evaporator, 300A of Ti was deposited at 3A/s as an 
adhesion layer between the MSQ and the subsequent 3000A of Au deposited at 3A/s.  
Electrode deposition onto the silicon wafer backside was not necessary because of the 
doped silicon substrate.  Metal depositions were performed in a class 1000 cleanroom at 
the MIRC (Microelectronics Research Center) at Georgia Tech.  
Current – Voltage (IV) Curves 
 IV curves were obtained to measure leakage currents or currents passed through a 
dielectric material.  The low k dielectric films behave as insulators; however, upon 
application of high voltages the film begins to conduct current.  This voltage is known as 
the breakdown voltage.  The breakdown voltage depends on film thickness so instead, 
Doped Silicon
Low k Film
Au top electrode
Ti adhesion layer
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electric field breakdown which is voltage per unit length will be referenced.  At this 
point, the circuit is “open” in that the current passes directly through the dielectric from 
the top electrode to the bottom electrode.  The dielectric has failed because it is no longer 
behaving as an insulator and storing a charge.  Instead, the high voltage has caused 
ionization of electrons from atoms in the solids and the electric field causes current or 
electron transport through the film20.  A HP 4156A Precision Semiconductor Parameter 
Analyzer was used with a voltage step size of 0.1V for a range between -20V and 20V. 
Capacitance – Voltage (CV) Curves 
In addition to IV curves, CV curves were obtained which were used to calculate 
dielectric constants for the low k films via Equation 3.7. 
εA
cdk =         (3.7) 
where  k = dielectric constant 
            c = capacitance (F) 
d = film thickness (m) 
 A = area of electrode (m2) 
 ε  = permittivity in a vacuum (8.854x10-12 F/m) 
The capacitance was measured in the accumulation region of the CV curves.  An 
accumulation region is established when the majority carriers in a semiconductor are 
attracted to the surface by an applied field21.  A p-type silicon wafer has a higher 
concentration of holes relative to the concentration of electrons, so that holes are the 
majority carriers and electrons are the minority carriers.  When a negative potential is 
applied to the top metal electrode, this attracts holes to the semiconductor surface where 
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they begin to “concentrate” or accumulate.  As the applied potential changes from 
negative to positive, the holes begin to move away from the silicon surface and the 
positive potential attracts the electrons instead at which point inversion has occurred21.  
For p-type silicon, accumulation of holes at the surface occurs when a more negative 
voltage is applied.  Likewise for n-type silicon, accumulation of electrons at the surface 
occurs when a more positive voltage is applied.  Band diagrams indicating accumulation, 
depletion, and inversion are shown in Figure 3.12 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3.12: Accumulation, depletion, and inversion in p and n-type wafers.  Black dots are electrons 
and white dots are holes.  EF = Fermi energy band, EC = conduction energy band, Ei = intrinsic 
energy band, and EV = valence energy band22. 
 
In the accumulation region, the capacitance is measured for the dielectric constant 
calculation because the thickness of the depletion region is effectively zero in the 
accumulation regime.  The depletion region has zero thickness under accumulation 
because the majority carriers are attracted to the semiconductor surface.  However, at 
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inversion the surface depletion region thickness is the largest which adds an additional 
capacitor to the overall dielectric film thickness.  If the resulting capacitance was used to 
calculate the dielectric constant an incorrect value would be calculated21.  Figure 3.13 and 
Figure 3.14 illustrate the different regions for a CV curve for p-type and n-type silicon 
wafers, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13: CV curve for p-type silicon wafer. 
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Figure 3.14: CV curve for n-type silicon wafer. 
 
A Keithley 590 CV Analyzer with Labview version 6.1 was used to collect and analyze 
the CV data.  The step size used was 0.1V from -20V to 20V at 100kHz. 
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CHAPTER 4  
PHOTORESIST AND ETCH RESIDUE REMOVAL USING GAS-
EXPANDED LIQUIDS 
Introduction 
 Rapid technology development and demands for state-of-the-art generations of 
integrated circuits bring new challenges to microelectronic device manufacturing.  
Specifically, decreasing dimension sizes may limit the effectiveness of liquid based 
removal of photoresist and plasma etch residues.  In addition, the hazardous solvents 
currently in use pose environmental concerns.  Gas expanded liquids (GXLs) and 
supercritical fluids may offer cleaning or residue removal approaches that overcome 
some of the drawbacks of current surface preparation methods.   
 The chemically reactive additives for the GXL investigations described below 
have been selected as a result of previous studies which demonstrated that mixtures of 
tetramethylammonium bicarbonate (TMAHCO3) diluted in CH3OH and CO2 can remove 
fluorocarbon-based plasma etch residues at pressures of 3000 psig and temperatures 
>50oC where the mixture was either a two phase gas with liquid droplets or a single 
phase1.  The current study is distinct from our previous work in that the cleaning mixture 
is a single liquid phase with gas dissolved in the liquid.  That is, in a GXL, the active 
cleaning phase is liquid expanded by CO2 which offers higher fluid density at lower 
pressures than supercritical fluids.  Based on the phase behavior of various 
CO2/TMAHCO3/CH3OH mixtures at different temperatures and pressures, the use of 
pressures between 1000 and 2000 psig should generate a GXL suitable for photoresist 
and etch residue cleaning1.  In this study, we demonstrate that GXLs with a high mole 
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fraction of CO2 can effectively remove polyhydroxystyrene (PHOST) films.  
Furthermore, the feasibility of using selected GXLs for the removal of post plasma etched 
residue films is also investigated.  Specifically, the effect of CO2 pressure or mole 
fraction dissolved in the solvent on residue removal is examined.   Transport 
enhancement, environmental impact, and solvent strength of GXLs are shown to be 
functions of the extent to which a conventional solvent is expanded with CO2.  In 
addition, C2H6 is also investigated as an expansion gas in order to compare the 
quadrupolar nature of CO2 to the non-polar C2H6.  Polarity may be a factor in swelling 
the photoresist which aids in removal because novolac and PHOST resin have hydroxyl 
groups that the CO2 quadrupole may interact with.  As evident in Table 4.1, C2H6 was 
selected because other than polarity CO2 and C2H6 have similar physical properties. 
Table 4.1: Properties of ethane and carbon dioxide. 
 
 
 
 
 
 
 
 
 
 
 
Experimental  
5.85E-048.60E-04Surface Tension at 298K (N/m)
6.43E-053.73E-05Viscosity at 298K (Pa-s)
0.7160.316Liquid Density at 298K (g/cc)
00Dipole Moment
14.5612.4Solubility Parameter (J/cc)1/2
37.355.2Liquid Molar Volume (mL/mol)
1070706Critical Pressure (PSI)
31.0632.17Critical Temperature (oC)
4430Molecular Weight
Carbon
Dioxide
Ethane
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The reactor used in this study consisted of a 0.75 inch 316 stainless steel four-way 
cross rated for 3500 psig; samples of approximately 1cm2 can be processed.  One arm of 
the cross was equipped with a sapphire window.  This window allowed direct observation 
of the phase, phase boundary of fluids, and overall film modification (e.g., peeling, 
cracking) during cleaning or surface treatment.  In addition, the window permitted the use 
of an interferometer system for measurement of GXL refractive indices and thus fluid 
composition estimates, as well as the thickness and refractive index of dissolving films  
in situ2.   
Solvents and CO2 were introduced into the reactor from two high pressure syringe 
pumps (ISCO, Inc.).  Figure 4.1 shows a diagram of the experimental setup. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Experimental setup for GXL studies. 
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One pump (A) was operated in constant pressure mode to maintain the pressure 
setpoint (and thus composition) while the second pump (B) was operated in constant flow 
mode in order to control liquid delivery rate.  A mixing chamber was employed to ensure 
adequate mixing of CO2 and solvent at the temperature and pressure of interest so that 
liquid composition was controllable and could be estimated from equilibrium data. 
Pump B was first loaded with the solvent to be studied.  The liquid inlet valve was 
then closed and the pump contents delivered to the liquid mixing chamber.  To pressurize 
the system with CO2, pump A was filled with CO2 to a sufficient volume for continuous 
introduction during the experiment and for GXL equilibration.  A check valve was used 
to prevent backflow into the CO2 cylinder and a 10μm filter eliminated small particles.  
After the pump was filled, the mixing chamber was pressurized and pump A operated in a 
constant pressure mode at the chosen setpoint.  To establish adequate mixing of solvent 
with CO2, the mixing chamber was periodically agitated over several hours.  The fluid 
flowed between the reactor system components through Swagelok ¼” tubing outfitted 
with HiP straight valves.   
Control of the vapor-liquid phase equilibrium concentrations was ensured by 
control of the fluid mixture temperature and pressure.  K type Omega thermocouples 
were used for temperature measurements.  An Omega multi-zone controller supplied 
power to the heating tape surrounding the mixing and reactor chambers.  At the reactor 
exit, a Hoke metering valve attached to a Wika pressure gauge was used to maintain a 
specific pressure during constant flow by the ISCO pump.  Composition of the GXL was 
assumed to be at equilibrium; thus, a vapor liquid phase diagram based on CO2 and the 
particular additive allowed determination of the fluid composition3.   
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  Thin films for removal studies were formed on silicon wafers by spin casting 
from a poly-hydroxystyrene (PHOST) solution (15 wt% by mass in propylene glycol 
methyl ether acetate (PGMEA), MW=12000, PDI=6.4) at 800 RPM.  Prior to spin 
casting, the silicon wafer was cleaned by immersion in dilute (1:50) hydrofluoric acid 
(HF) to remove the native oxide layer.  The PHOST film was subsequently baked on a 
hotplate at 120°C for 5 minutes.  Optical constants and thickness of the film were 
determined using a variable angle spectroscopic ellipsometer (J.Woollam, Lincoln, NE).   
CO2 was purchased from Airgas (SFC grade, 99.9995% with eductor tube).  C2H6 
was also purchased from Airgas (CP grade, 99% with eductor tube).  The eductor tube 
was necessary to draw liquid from the bottom of the cylinder.  The liquid allowed higher 
pressures when compressed.  For operating pressures other than those of the CO2 
cylinder, an ISCO 1000 D syringe pump was used to both attain and maintain the 
pressure setpoint.  For pressures above 2000 psig, 500HP and 260D ISCO pumps were 
used. 
Films were treated in the high-pressure reactor with CO2-expanded liquids.  
Samples were mounted on a customized sample holder and loaded into the chamber.  The 
system was then pressurized with pure CO2; simultaneously, GXLs were formulated as 
described above.  The films were monitored both prior to and during liquid immersion by 
interferometry2.  The samples were then removed from the chamber and analyzed by x-
ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM).  The 
ability of a process to remove photoresist can be evaluated by XPS measurements of the 
Si atomic composition on the treated surface. From XPS analysis, a silicon atomic 
percentage above 22% indicates that the photoresist has been effectively removal4.  
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Photoresist-coated silicon wafers yield a significantly different XPS spectrum, in that the 
underlying silicon is not detectable if photoresist or other material of thickness greater 
than ~10 nm is present.   
In addition to PHOST samples, low dielectric constant (low-k) films of Coral™ 
that had been patterned with a fluorocarbon-based plasma were treated with GXLs.  
These samples, supplied by Novellus Inc., contained vias of 130 and 250 nm width and 
aspect ratios between 3 and 4.  The film stack was composed of 625 nm of photoresist, 60 
nm BARC, 50 nm SiO2, 1000 nm Coral™, 70 nm SiC, and 500 nm SiO2.  Due to the 
plasma etch process, a hardened crust of photoresist residue existed on the photoresist 
surface1.  Plasma etched samples were exposed to the TMAHCO3/CH3OH solution 
expanded with CO2 at pressures from atmospheric to 2200 psig at 90oC.  Samples were 
exposed to the GXL for 40 minutes followed by a rinse in supercritical CO2 at 2200psi 
and 90oC for 30 minutes.   
The TMAHCO3/CH3OH solution was created by bubbling CO2 into a 25wt% 
TMAH in methanol solution from Sigma Aldrich.  The 25wt% TMAH in methanol 
contained ~5.5% water as well5.  After bubbling excess CO2, the TMAH became 
tetramethyl ammonium bicarbonate with a small amount of hydroxide ions (5.65x10-5M) 
in equilibrium according to pH measurements using voltage differences6.  This solution 
was then further diluted 4 times by methanol.   
Between four and nine XPS measurements were obtained on etched wafer 
samples at each pressure investigated.  The 90% confidence intervals calculated 
incorporate both the standard deviation and the total number of data points.  A larger 
number of data points were recorded for samples that displayed non-uniform removal in 
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order to reduce the confidence intervals; fewer points were necessary for samples where 
complete film removal was achieved.  The number of data points taken in relatively clean 
versus incompletely clean areas thus reflects the removal uniformity.   
Results and Discussion 
PHOST Removal 
Initially, PHOST samples were treated with CO2-expanded ethanol.  Although 
ethanol is an excellent solvent for removal of the hard baked PHOST films, CO2 alone is 
not.  As shown in Figure 4.2, single wavelength interferometry indicates that the film 
begins to swell significantly upon exposure to ethanol/CO2 vapor.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2:  Single wavelength interference spectrum for PHOST exposed to CO2-expanded ethanol 
at 725 psig.  The liquid contacts the sample at t = 22 sec, at which time the intensity drops 
significantly due to interference with the meniscus.  Swelling occurs prior to liquid exposure, 
characterized by the oscillation of the intensity.  No film is detectable after liquid submersion, likely 
due to rapid dissolution. 
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The changes in light intensity with exposure time demonstrate film swelling, 
which allows ethanol to more easily penetrate the PHOST film and ultimately dissolve it.  
The relationship between swelling and the mechanism of film removal is clarified in the 
following section on post plasma etch residue removal and by previous results7.  After 
exposure to the liquid (at t = 24000 ms), no interference pattern is detected.  This 
observation can be attributed to either complete film removal or film cracking, which 
leads to significant scattering of the light beam.  SEM and XPS were used to determine 
which of these possibilities occurred in particular samples.  When GXLs incompletely 
removed PHOST films, partial dissolution yielded a rough, nonuniform layer and surface.  
Scattering from this surface prevented acquisition of an interferogram; thus, real time 
dissolution rate data in GXLs was not possible for this particular film.  However, in the 
case of complete removal the dissolution rate can be examined as illustrated in Figure 
4.1, but the dissolution occurs immediately upon contact with the liquid. 
XPS analysis was performed on the cleaned samples to determine their surface 
compositions.  As expected, XPS results indicate that the amount of residual polymer on 
the substrate surface is inversely related to the concentration of ethanol in the GXL.  
Figure 4.3 depicts the atomic percentages detected at the surface after treatment with 
GXLs with various CO2 mole fractions.   
 
 
 
 
 
 56
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: Surface composition after exposure to CO2 expanded ethanol at various mole fractions of  
CO2.  Even at 0.75 mol fraction of CO2 or 700 psig, the GXL removed the PHOST.  
 
Silicon is observed when sufficient film/residue is removed so that XPS detects 
the SiO2 underneath the PHOST film; carbon is observed primarily due to the presence of 
the PHOST film.  No silicon was detected at CO2 mole fractions above 0.8 confirming 
that PHOST remained above the SiO2 layer.  However, mole fractions up to 0.75 CO2 or 
700 psig removed the photoresist indicating that ethanol was effective for dissolution of 
PHOST even at these diluted levels.  Such observations suggest that reduced solvent 
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usage and lowered flammability should be possible with GXLs while maintaining solvent 
strength and thus cleaning ability.  In addition to XPS, SEM images were taken in order 
to visually confirm PHOST removal.  The image showed film cracking and peeling 
resulting from the stress developed due to CO2 induced swelling.   
PHOST films were also treated with CO2-expanded NMP.  Similar behavior to 
that of ethanol is observed, in which mixtures too rich in CO2 do not remove PHOST 
layers.  As shown in Figure 4.4, mixtures up to 725 psig, or correspondingly 70% CO2, 
remove PHOST films analogous to the results obtained with pure liquid NMP8.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: Surface concentration following treatment of PHOST films with CO2-expanded NMP of 
different composition.  
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Plasma etch residue samples were exposed to pressures ranging from atmospheric 
to 2200 psig at 90oC using CO2 and a solution containing TMAHCO3/CH3OH with a 
molar ratio of 0.020; these mixtures have been previously demonstrated to effectively 
remove photoresist and etch residues at higher pressures where two-phase or dense fluid 
phases exist1, 5.  Clearly, the XPS results in Figure 4.5 demonstrate that at pressures 
below 100 psig and above 1000 psig cleaning is achieved.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: Cleaning of a plasma etch residue sample occurs at pressures below 100 psig and above 
1000 psig where the atomic silicon concentration is above 20%.  The cleaning solution was CO2 
expanded TMAHCO3/CH3OH with a molar ratio of 0.020 at pressures ranging from atmospheric to 
2200 psig at 90oC.  The solid line is not the result of a model but rather is presented to serve as a 
guide to the overall trend in data points.   
 
As described in the Experimental Section, at least four XPS measurements on multiple 
samples were performed at each pressure.  The patterned wafer samples contained flat 
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some of the etch residue was removed from the flat areas; however, only for pressure 
conditions below 100 psig or above 1000 psig was the residue film in areas with a high 
density of vias (130 nm) removed.  Samples with larger confidence intervals  (error bars) 
processed at pressures between 100 and 1000 psig showed non-uniform removal; that is, 
both clean flat areas and incompletely clean areas that contain vias were present.  The 
large difference in atomic silicon percentage between the two areas results in the larger 
confidence intervals, while the confidence intervals are smaller in regions above and 
below these pressure limits because the film is completely removed.     
At low pressures (<100 psig), only a small amount of CO2 is soluble in the 
TMAHCO3/CH3OH solution (liquid) due to the high temperature.  In this limit, liquid 
TMAHCO3 is responsible for sample cleaning.  As the pressure increases, more CO2 is 
incorporated into the GXL, thereby decreasing the mole fraction of chemically reactive 
TMAHCO3 in the liquid phase and reducing removal efficiency.  However, at pressures 
exceeding 600 psig, the GXL density apparently decreases sufficiently to enhance mass 
transport to the SiO2 layer beneath the photoresist and BARC films to permit removal of 
both layers by a lift-off mechanism.  The enhanced mass transport likely results from the 
combined effects of the less dense GXL and the CO2 induced swelling of the photoresist 
film, thereby facilitating mass transport through the film.  This conclusion is based on 
previous studies of CH3OH and CO2 mixtures at 373K, where the density of the liquid 
mixture increases initially as the pressure is increased, but at pressures above ~850 psig, 
the density decreases9.  Although more CO2 is incorporated into the liquid solution at 
higher pressures, the GXL density initially increases and then decreases at temperatures 
above 373K.  Indeed, previous studies of methanol/CO2 mixtures support this 
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conclusion9.  In our studies, the TMAHCO3 mixture contains a salt that can affect 
density; the dependence of fluid density on pressure and salt concentrations for these salt 
mixtures is currently under investigation.  Nevertheless, if the density trends for 
CH3OH/CO2 mixtures are indicative of those for TMAHCO3/CH3OH/CO2 mixtures, then 
the cleaning efficiency depends inversely on the mixture density in this pressure regime.  
Moreover, this implies that at a sufficiently high density, cleaning does not occur whereas 
at lower densities removal is observed.  Such conclusions suggest that the presence of 
CO2 at high pressures assists photoresist and residue removal through photoresist 
swelling or cracking.   
Previous studies at 3000 psig have demonstrated that both single- and two-phase 
mixtures exhibit effective cleaning of photoresist and etch residues, although single phase 
mixtures appear to be more efficient1.  In the previous investigations, fluid composition 
data were fit to thermodynamic equations of state to establish a model for the fluid 
mixtures3.  The model incorporated experimental data at 70oC; those data were 
extrapolated to 90oC to estimate fluid compositions in the current experiments.  At 90oC, 
compositions in the range of 100 psig to 2500 psig corresponded to 1 mol% to 53 mol% 
CO2, respectively.  As noted above, although initial addition of CO2 reduces cleaning 
ability through a reduction in TMAHCO3 concentration, increasing concentrations of 
CO2 appear to assist the cleaning process by swelling the polymer film.  The swollen film 
permits the lower density GXL to diffuse through the film thereby releasing the film and 
residue by a lift-off mechanism7, 10.  In all studies a minimum initial amount of liquid 
(400mL) in the mixing chamber was necessary to ensure that the sample was completely 
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immersed in the GXL and that all the gas originally in the reactor chamber was displaced 
by the entering GXL. 
The etch residue samples were also treated to cleaning mixtures at various 
temperatures.  Due to kinetic limitations, as well as the difference in composition, lower 
temperatures of 50oC and 70oC resulted in incomplete cleaning as depicted in Figure 4.6.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6:  Silicon concentration is around 20% only at 1000 psig or higher and 90oC.  At the lower 
temperature conditions, no silicon is present at the surface due to the unremoved etch residue.  
Samples processed were plasma etch residue samples subjected to CO2 expanded 
TMAHCO3/CH3OH with a molar ratio of 0.020. 
Post Plasma Etch Residue Removal Using C2H6 
The post plasma etch residue removal experiments were repeated with C2H6 
instead of CO2.  Although the CO2 expanded TMAB was not able to remove the residue 
at 50oC, the C2H6 expanded TMAB was able to remove the film at this lower 
temperature.  Furthermore, the C2H6 GXL was also effective at the higher temperature of 
90oC.  XPS results are shown in Figures 4.7 and 4.8 for the 50oC and 90oC experiments. 
 
0
5
10
15
20
25
100 1000 1500
Pressure (PSI)
S
ili
co
n 
C
on
ce
nt
ra
tio
n 
%
50C
70C
90C
 62
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7: Si% at different pressures of C2H6 dissolved TMAB at 50oC. 
 
 
 
 
 
 
 
 
 
Figure 4.8: Si% at different pressures of C2H6 dissolved TMAB at 90oC. 
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TMAH basic solution whereas CO2 reacts to form TMAB.  This reaction is important 
because the low hydroxide ion concentration etches the underlying SiO2 to lift off the 
photoresist and residue.  Under high pressure the CO2 reacts with the TMAH solution so 
that essentially only the bicarbonate ions remain whereas for C2H6 hydroxide ion 
concentration will be higher due to nonreactivity of C2H6.  The reactions that occur in 
TMAH solutions are shown below. 
(CH3)4NOH + CO2 ? (CH3)4NHCO3  
(CH3)4NOH + (CH3)4NHCO3 ? [(CH3)4N]2CO3 + H2O 
Excess CO2: 
[(CH3)4N]2CO3 + CO2 + H2O ? 2(CH3)4NHCO3 
During the preparation of the TMAB solution, CO2 is bubbled into the TMAH solution at 
room temperature and atmospheric conditions which gives a hydroxide concentration of 
5.65x10-5M.  However, when TMAB is expanded using CO2 in a high pressure 
environment, the TMAB solution remains in excess CO2 due to the over pressure CO2 
which may decrease the hydroxide concentration further.  In the case of C2H6 the CO2 is 
not in excess and hence most of the hydroxide ions will not have been converted to 
bicarbonate ions.   
Conclusions 
Due to their unique physical properties, gas-expanded liquids display improved 
transport properties relative to liquids, but are superior solvents in comparison to 
supercritical fluids.  Therefore, GXLs may prove useful as alternatives to conventional 
liquids for cleaning processes, and preliminary cost estimates suggest feasibility11.  
Models for physical property estimation have been applied in order to predict properties 
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of GXLs as functions of CO2 concentration.  Equipment capable of forming and 
delivering GXLs has been designed and assembled11.  With this equipment, GXLs of 
varying composition can be studied.  Gas-expansion of organic solvents corresponds well 
with pressure-composition data previously reported. 
Conceptual demonstration of the use of CO2-expanded solvents for photoresist 
and post-plasma etch residue removal has been achieved.  Of specific interest are the 
effects of CO2 and gas-expanded liquids on films such as polyhydroxystyrene (PHOST).  
These experiments illustrate the tunability of GXLs through the removal of PHOST-
based films using CO2-expanded solvents.  CO2-expanded ethanol and NMP containing 
up to approximately 75 mol% CO2 maintains the removal ability/solvent strength of the 
pure solvent.  These fluids can therefore be modified to obtain optimal physical 
properties and reduce environmental safety and health (ES&H) concerns of toxic, 
flammable solvents.  In addition, experiments performed on post plasma etch residue 
samples indicate that removal is possible at moderate pressure conditions of 1000 psig 
and 90oC for CO2.  Experiments using C2H6 gas confirmed this expansion gas that does 
not react with TMAH can remove photoresist/etch residue films at lower temperature 
conditions (50oC), apparently due to the existence of increased hydroxide ions in the etch 
solution.  However, the quadrupole versus nonpolar natures of the gases and their effects 
on photoresist removal were not investigated in this study but are examined in Chapter 6.    
References 
1. Levitin, G.; Myneni, S.; Hess, D., Post Plasma Etch Residue Removal Using 
CO2-TMAHCO3 Mixtures: Comparison of Single-Phase and Two-Phase 
Mixtures. Journal of the Electrochemical Society 2004, 151, (6), G380-G386. 
 
 65
2. Spuller, M. T.; Perchuk, R. S.; Hess, D. W., Evaluating Photoresist Dissolution, 
Swelling, and Removal with an In Situ Film Refractive Index and Thickness 
Monitor. Journal of The Electrochemical Society 2005, 152, (1), G40-G44. 
 
3. Levitin, G.; Bush, D.; Eckert, C. A.; Hess, D. W., Phase Behavior and Modeling 
of CO2/Methanol/Tetramethylammonium Bicarbonate and 
CO2/Methanol/Tetramethylammonium Bicarbonate/Water Mixtures at High 
Pressures. J. Chem. Eng. Data 2004, 49, (3), 599-606. 
 
4. Myneni, S.; Hess, D. W., Post-Plasma-Etch-Residue Removal Using CO2-Based 
Fluids. Journal of The Electrochemical Society 2003, 150, (12), G744-G750. 
 
5. Levitin, G.; Myneni, S.; Hess, D. W., Reactions Between CO2 and 
Tetramethylammonium Hydroxide in Cleaning Solutions. Electrochemical and 
Solid State Letters 2003, 6, (8), G101-G104. 
 
6. Tucker, S. A.; Acree, W. E., A Student Designed Analytical Laboratory Method: 
Titrations and Indicator Ranges in Mixed Aqueous-Organic Solvents. Journal of 
Chemical Education 1994, 71, (1), 71-74. 
 
7. Myneni, S.; Hess, D. W., Post Plasma Etch Residue Removal Using CO2-Based 
Mixtures: Mechanistic Considerations. Journal of The Electrochemical Society 
2005, 152, (10), G757-G765. 
 
8. Zubchenko, Y. P.; Shskova, S. F.; Ladygina, O. P., Solubility of carbon dioxide in 
N-methylpyrrolidinone under pressure. Khimicheskaya Promyshlennost 1985, 9, 
535-536. 
 
9. Brunner, E.; Hultenschmidt, W.; Schlichtharle, G., Fluid mixtures at high 
pressures IV. Isothermal phase equilibria in binary mixtures consisting of 
(methanol+hydrogen or nitrogen or methane or carbon monoxide or carbon 
dioxide. J. Chem. Thermodynamics 1987, 19, 273-291. 
 
10. Sawan, S. P.; Shieh, Y.-T.; Su, J.-H.; Manivannan, G.; Spall, W. D., Evaluation of 
Supercritical Fluid Interactions with Polymeric Materials. In Supercritical Fluid 
Cleaning Fundamentals, Technology, and Applications, McHardy, J., Ed. Noyes 
Publications: Westwood, NJ, 1998. 
 
11. Spuller, M. Resist and Residue Removal Using Gas Expanded Liquids. PhD, 
Georgia Institute of Technology, Atlanta, 2003. 
 
 
 
 66
CHAPTER 5 
COMPATIBILITY OF LOW K MATERIALS WITH GXLS 
 Introduction 
 GXLs incorporating high pressure CO2 expanded methanol with tetramethyl 
ammonium bicarbonate (TMAHCO3) successfully removed photoresist and etch residue 
at an elevated temperature of 90oC and pressures above 1000psi1.  However, the cleaned 
multilayer film stack shown in Figure 5.1 only exposed the sidewalls of the low k 
material (e.g., Coral™) to the cleaning solution.   
 
 
 
 
 
 
 
 
Figure 5.1: Cross section of silicon wafer sample supplied by Sematech. 
 
A SiO2 layer covering the underlying Coral™ low k material partially protects the 
Coral™ (except at the sidewall) against the GXL but at the expense of increasing the 
effective dielectric constant of the interlevel dielectric material consisting of the 
combined Coral™ and SiO2.  Processing the film stack without the capping SiO2 layer is 
important in order to achieve the lowest possible dielectric constant for the dielectric 
stack.  This will be explained in more detail in subsequent sections.  
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Low k materials are included in current state of the art semiconductor devices as 
interlevel dielectric layers and must be compatible with the cleaning solutions used.  In 
order to assess whether GXLs offer a possible alternative for photoresist and etch residue 
removal to supercritical and standard liquid processes wherein porous low k materials are 
present, MSQ films were exposed to the previously described GXL solutions and the 
physical and electrical properties of the films characterized. 
Low k or low dielectric constant materials insulate the metal lines that 
interconnect transistors and other circuit components, and must reduce cross talk, current 
leakage, and parasitic capacitance between metal layers 2.  Such reductions result from 
both the low permittivity and low polarizability that establish effective insulation 
between metal layers.  Low k materials such as methylsilsesquioxane (MSQ) have 
dielectric constants of 2.6-2.8 where a lower value for the dielectric constant is more 
desirable.  A dielectric constant is defined as the ratio of charge stored in the film with 
respect to that of a vacuum when an electric field is applied as shown in Equation 5.13.   
0C
C
k x=         (5.1) 
where k = dielectric constant 
 Cx = capacitance of film 
 C0 = capacitance of vacuum 
 
A film with a lower dielectric constant is advantageous because the lower value 
reduces the capacitance between metal layers.  Because the lower dielectric film stores 
less charge, the time to charge the capacitor is reduced, thereby reducing the circuit delay 
time for signal transfer.  Indeed, this is the capacitance part of the resistive-capacitive 
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(RC) time delay where capacitance can be reduced by using low k films and resistance is 
reduced by employing copper instead of aluminum as an interconnect material. 
For comparison, silicon dioxide which had been the primary interlayer dielectric 
material since the inception of the IC industry has a dielectric constant of ~4.  The larger 
dielectric constant results in more parasitic capacitance.  Capacitance and dielectric 
constant are related as indicated by Equation 5.2. 
εA
cdk =         (5.2) 
where  k = dielectric constant 
            c = capacitance (F) 
d = film thickness (m) 
 A = area of electrode (m2) 
 ε  = permittivity in a vacuum (8.854x10-12 F/m) 
Therefore SiO2 with a dielectric constant of ~4 would have a capacitance 1.5x that of a 
low k film with a dielectric constant of 2.7. Current intermetal dielectrics use silicon 
dioxide doped with carbon in order to reduce the dielectric constant to ~3.  To put these 
values into perspective, air has a dielectric constant of 1 whereas water has a value of ~80 
at room temperature 4.  Therefore, in order to reduce the dielectric constant below ~2.5, 
nanopores and elimination of polarizable groups or chemical moieties are needed to 
further reduce the dielectric constant.  Inclusion of nanopores incorporates air into the 
film to decrease the dielectric constant.  Furthermore, imparting hydrophobic character to 
film inhibits water adsorption that increases the dielectric constant.  MSQ creates 
nanopores as a result of its structure; MSQ has a silicon oxygen structure that is cubic as 
shown in Figure 5.2A or hexagonal as shown in Figure 5.2B. 
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Figure 5.2:  Chemical structure of MSQ A) cage structure B) ladder structure5.    
 
In addition, the presence of methyl groups on the silicon enhance the hydrophobicity of 
the material relative to amorphous SiO2 where hydrogen is attached to oxygen or to 
silicon.  In both cases a more hydrophilic material results compared to MSQ. 
 Increasing porosity and hydrophobocity both decrease the dielectric constant of 
low k films but in different ways.  As noted previously, porosity is important because the 
inclusion of pores introduces void spaces with a dielectric constant of 1.  For MSQ the 
void space is created by the silicon-oxygen bonding structure.  The cage structure in 
Figure 5.2A creates 3-dimensional void spaces while the ladder structure in Figure 5.2B 
creates 2-dimensional voids.  The presence of methyl groups also creates space between 
adjacent silicon atoms and thereby decreases the density and packing of the SiO2 units.  
The ladder structure offers more void space but the structure itself is less robust 
A 
B 
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compared to the cage structure.  The greater percentage of porosity decreases the 
dielectric constant but also decreases the modulus and hardness of the film6.  In addition 
to the inclusion of porosity through molecular structure means, other techniques include 
the use of porogens that are UV sensitive.  Upon UV exposure these porogens degrade 
and leave behind a void space7.  Another method uses high curing temperatures at 425oC 
that also degrade porogens such as trimethoxysilyl norbornene and triethoxysilyl 
norbornene in MSQ8.  MSQ has a porosity of 10% whereas the use of porogens can 
increase the porosity to 34% with pore size increasing from 0.6nm to 2.7nm9.  The 
inclusion of porosity can reduce the dielectric constant to below 210. 
 While the inclusion of pores decreases the dielectric constant, the inclusion of 
water significantly increases the dielectric constant.  MSQ can become hydrophilic if 
hydrogen instead of silicon with a methyl group caps the oxygen at the interface.  The 
hydrogen bonded to oxygen forms a hydroxyl group which is polar and which through 
hydrogen bonding attracts water.  The adsorption of water with a k value of ~80 increases 
the k value of the film.  In addition to the higher k value the leakage current increases and 
the breakdown voltage decreases11. 
Experimental Methods  
 The MSQ precursor solution was purchased from Filmtronics under the trade 
name FG65; the resulting film has a dielectric constant in the range 2.6-2.8.  The solution 
was stored at 5oC and was equilibrated at room temperature for 5 hours before 
processing.  In order to reduce the viscosity of the MSQ solution, the MSQ was diluted 
four times with ethyl acetate 99.98% purity purchased from EMD.  The film was spincast 
onto 4” silicon wafers at 1000rpm with a ramp rate of 750r/s for 45s on a Cost Effective 
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Equipment 100CB spincoater.  The 4” silicon test wafers from Nova Electronic Materials 
were p-type <100> with a boron concentration of 1016 to 5.5x1014 atoms/cm3 
corresponding to resistivities between 1 and 25 ohm-cm.  After spin casting, the film was 
baked at 200oC in air for 5min.  Although curing initiates at 200oC, some previous 
investigators have cured the films at 400oC under a N2 ambient12.  The silicon wafer was 
cut into 1cm2 sized pieces and placed in the GXL reactor chamber.  The system required 
30min to heat to the desired 90oC.  Then the GXL formulated as described in chapter 4 
was introduced into the reactor at pressures of 1050psi, 1500psi, or 2200psi.  The GXL 
contained a liquid solution of 25wt% tetramethyl ammonium hydroxide (TMAH) in 
methanol that was diluted with four parts of methanol.  The solution was bubbled with 
CO2 to form a mostly tetramethyl ammonium bicarbonate (TMAB) solution with some 
OH- ions in equilibrium.  Pressures from 1050psi to 2200psi were chosen because these 
pressures were effective in removing photoresist and etch residue according to previous 
studies1.  After processing for 40min, the system was depressurized using a Hoke 1300 
series metering valve in 1min, and the sample rinsed with methanol and dried with a N2 
gun.  In order to ensure complete removal of methanol, the sample was baked again by 
temperature ramping for 30min and holding at 90oC for 40min.   
In addition to the high pressure studies, three other treatments were invoked and 
MSQ samples characterized for comparison.  In the first treatment, a standard 
unprocessed MSQ sample that was exposed only to the baking steps served as a control.  
A second MSQ sample was exposed to liquid TMAH wherein CO2 had been introduced 
to form TMAHCO3; of course, hydroxide ions were present in this solution due to the 
equilibrium established13.  The liquid solution was heated to only 50oC to avoid excessive 
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methanol evaporation; the sample was immersed in this solution for 40min.  The third 
sample was processed at 2200psi but following the TMAH treatment, was rinsed with a 
CO2 / CH3OH rinse at 2200psi and room temperature with a flow rate of 200mL/hr for 
30min.  Liquid CO2 is miscible in CH3OH and the composition of the rinsing solution 
was 0.548 CO214. Thus a total six samples were analyzed as shown in Table 5.1. 
Table 5.1: Abbreviations for sample types. 
 
Abbreviation Sample Type 
A Unprocessed standard 
B Liquid TMAB, 14.7psi at 50oC 
C 1050psi CO2 expanded TMAB in methanol at 90oC 
D 1500psi CO2 expanded TMAB in methanol at 90oC 
E 2200psi CO2 expanded TMAB in methanol at 90oC 
F 
2200psi CO2 expanded TMAB in 
methanol at 90oC, CO2/methanol 
rinse at 23oC 
 
 
Finally, the GXLs experiments were repeated using C2H6 as the expansion gas.  C2H6 
does not react with TMAH.  Although Chapter 4 indicated that C2H6 was able to remove 
the residues at more favorable conditions (lower temperature of 50oC), the increased 
hydroxide ion concentration may adversely affect low k films.  The C2H6 GXLs were 
applied to the MSQ films at 1000psi and 90oC.  The TMAH had been pre-bubbled with 
CO2 before the C2H6 addition.  Beaker tests were performed at 50oC with TMAH diluted 
by four parts of methanol and also TMAH bubbled with CO2 and then diluted by four 
parts of methanol.  The samples were exposed for 40min. 
Experimental Analysis Techniques 
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 Films were characterized using ellipsometry, video contact angle, FTIR, and XPS.  
In addition, MIS (metal insulator semiconductor) capacitors fabricated from the films 
treated as described above were characterized by capacitance-voltage (CV) and current-
voltage (IV) methods.  In particular, CV curves were used to determine the dielectric 
constants.  All analyses were performed before and after fluid processing in order to 
effectively compare results.   
 Ellipsometry measurements were performed with a variable angle spectroscopic 
ellipsometer (VASE) M-2000VI from J.A. Woollam with WVASE32 version 3.632 
program for analysis.  The angles chosen for measurements were 65o, 70o, and 75o.  
Cauchy parameters were fitted to calculate the MSQ thickness.  The first Cauchy 
parameter A also known as the refractive index was set to 1.38 because this value is 
known from prior Filmtronics studies.  In addition to the Cauchy parameters, a 
roughening parameter was added to compensate for the uneven surface.   
 Goniometry or video contact angle measurements were performed using water as 
the liquid in contact with the film.  An AST Products Video Contact Angle System 
2500XE recorded the pictures and calculated the corresponding contact angles using five 
set points.  A nitrogen rinse before testing was important to ensure a clean surface 
because small particles could increase the contact angle.   
 A Bruker IFS 66v/S FTIR system with a KBr beam splitter ran 128 scans with a 
resolution of 4cm-1 in absorbance mode.  A blank silicon wafer was used as the 
background which was subtracted from the final spectra results.  The measurements were 
performed under vacuum. 
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In order to measure the CV and IV curves, an MIS (metal-insulator-
semiconductor) structure was fabricated.  The metal used as the top electrode was gold.  
The insulation layer was the MSQ film and the semiconductor was boron-doped silicon.  
A shadow mask with 2mm diameter holes was used to pattern the top electrodes.  Using a 
CVC e-beam evaporator, 300A of Ti was deposited at 3A/s as an adhesion layer between 
the MSQ and the subsequent 3000A of Au deposited at 3A/s.  A bottom electrode 
deposition was not necessary because of the doped silicon substrate.  Metal depositions 
were performed in a class 1000 cleanroom at the MIRC (Microelectronics Research 
Center) at Georgia Tech.   
Using a Keithley 590 CV Analyzer, CV plots of capacitance versus voltage were 
measured from -20V to 20V.  The frequency used was 100kHz with a voltage step size of 
0.1V.  For IV curves, the voltage was varied from -20V to 20V with a step size of 0.1V 
using a HP 4156A Precision Semiconductor Parameter Analyzer.   
Results and Discussion 
Ellipsometry was performed to determine if the MSQ film thickness had changed 
due to OH- etching of the film during treatment.  As shown in Table 5.2, film thicknesses 
remained nearly constant, indicating little to no film etching.  
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Table 5.2: MSQ film thickness before and after various processing steps.  
 
 
 
 
 
 
 
 
Although spincasting is an effective method to create uniform films, variations in film 
thickness normally appear at sample edges; thus, the same measurement locations were 
used to assess accurately the thickness changes.  The GXL solutions investigated did not 
etch or alter the film thicknesses unless the etching and subsequent film growth rates 
were essentially equal; however, this possibility is unlikely based on other 
characterization measurements that will be discussed in the next sections. 
 Analagous to the ellipsometry measurements, contact angle values did not change 
as shown in Table 5.3. 
Table 5.3: Contact angles as a function of processing conditions. 
 
 
 
 
 
 
 
 
The contact angle measurements suggest that from the standpoint of the surface, the film 
chemistry and roughness have not changed.  If the methyl groups on silicon had been 
 
 Process 
Thickness 
Before (nm) 
Thickness 
After (nm) Difference % 
A Unprocessed 701.2 700.4 -0.1% 
B Liquid 599.1 597.8 -0.2% 
C 1050psi GXL 697.5 700.2 0.4% 
D 1500psi GXL 677.5 676.6 -0.1% 
E 2200psi GXL 626.9 634.5 1.2% 
F 2200psi GXL + Rinse 646.2 645.8 -0.1% 
 Process 
Contact 
Angle 
Before (o) 
Contact 
Angle After 
(o) 
difference % 
A Unprocessed 94.5 94.5 0.0% 
B Liquid 94.5 94.8 0.3% 
C 1050psi GXL 94.5 94.6 0.1% 
D 1500psi GXL 94.5 95.5 1.0% 
E 2200psi GXL 94.5 94.3 -0.2% 
F 2200psi GXL + Rinse 94.5 95.3 0.8% 
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replaced by hydrogen, the contact angle would have been much lower and the surface 
hydrophilic15.  Likewise, if film roughness was altered, contact angles should have 
changed16.  Because the film is not hydrophilic, the dielectric constant has likely not 
changed.  That is, since a hydrophilic film can absorb water, the film dielectric constant 
should increase as a result of the high k value (~80) of water. 
 Although the contact angle measurements support that no surface changes have 
occurred, FTIR was also used to assess possible changes in bulk chemical structure of the 
films in Figures 5.3, 5.4, and 5.5.   
 
 
 
 
 
 
 
 
 
 
Figure 5.3: FTIR spectra for unprocessed MSQ.  See Table 5.4 for details. 
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Figure 5.4:  FTIR spectra for MSQ processed using a 2200psi GXL.  See Table 5.4 for details. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5:  FTIR spectra for MSQ processed using a 2200psi GXL with CO2/CH3OH rinse.  See 
Table 4 for details. 
 
These spectra demonstrate that the primary absorption peaks have not changed in 
intensity or shape.   Peak positions of the absorptions observed are listed in Table 5.4. 
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Table 5.4: Bonding structure and corresponding wave numbers. 
 
Bonding Structure Peak Wavenumber (cm-1) Literature Values15,17, 18, 19 
CH3 (stretch, asymmetric) 2964 2977 
Si-CH3 (deformation) 1271 1279 
Si-O-Si (cage) 1115 1118 
Si-O-Si (network) 1030 1062 
Si-CH3 (stretch)   757   779 
 
 
In addition, the unprocessed MSQ film was exposed only to the high pressure 
CO2/CH3OH rinse to confirm that this rinse had no effect on the bonding structures; 
indeed, no changes are observed as indicated by the FTIR spectra in  Figures 5.6 and 5.7. 
 
 
 
 
 
 
 
 
 
Figure 5.6: FTIR spectra of MSQ film before 2200psi CO2/CH3OH rinse. 
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Figure 5.7: FTIR spectra of MSQ film after 2200psi CO2/CH3OH rinse. 
 
Although FTIR evaluates the bonding structures present in the bulk film, if the chemical 
composition change is small, detection of such changes is unlikely.  FTIR spectra have 
detection limits on the order of ppb but the sensitivity also depends on the specific 
chemical bond.  In the case of Si-O, the detection limit is 1013bonds/cc20. 
Since no apparent chemical changes were observed in the processed MSQ films, 
electrical characterization, which is more sensitive to film property changes, were 
performed.   Small changes in the incorporation of ions or polar moieties can be detected 
by examining capacitance-voltage and current-voltage plots.  MIS (metal insulator 
semiconductor) structures were created to measure the capacitance and current across the 
MSQ film as a function of voltage.   
Because the wafers were p-type, accumulation of majority carriers (holes) 
occurred at negative voltages while depletion occurred at around zero voltage and 
inversion at positive voltages.  The maximum capacitance at accumulation was used to 
calculate the dielectric constant of the MSQ film according to Equation 5.2: 
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εA
cdk =         (5.2) 
where  k = dielectric constant 
            c = capacitance (F) 
d = film thickness (m) 
 A = area of electrode (m2) 
 ε  = permittivity in a vacuum (8.854x10-12 F/m) 
From Equation 2, a dielectric constant of 2.64 was calculated which lies within the 2.6-
2.8 range that Filmtronics reported.  Table 5.5 gives values of MSQ films processed 
under different conditions. 
Table 5.5: Dielectric constant values for MSQ films. 
 
 
 
 
 
 
 
 
Sample A which was the unprocessed MSQ film and sample F which was processed at 
2200psi and then underwent a 2200psi CO2/CH3OH rinse, had dielectric constants within 
the specified range.  All but one other sample displayed an increase in dielectric constant 
by one order of magnitude.  Sample B which had been exposed to a 50oC liquid solution 
of TMAH bubbled with CO2 diluted four times with CH3OH had a lower dielectric 
constant compared to those processed under higher pressures.  Although the samples 
before and after processing had similar thicknesses (Table 5.1), contact angles (Table 
5.2), and FTIR spectra (Figure 5.3-5.5), the change in dielectric constant indicated that 
 Process Dielectric Constant 
A Unprocessed 2.64+/-0.05 
B Liquid 13.50 +/- 0.68 
C 1050psi GXL 26.80 +/- 0.39 
D 1500psi GXL 26.18 +/- 0.64 
E 2200psi GXL 27.01 +/- 0.14 
F 2200psi GXL + Rinse 2.73 +/- 0.08 
 81
other effects were involved.  Specifically, all the MSQ films exposed to the TMAH 
solution bubbled with CO2 had higher than normal dielectric constant values.  That is, 
treatment in the TMAH solution resulted in higher dielectric constants, which suggests 
the incorporation of polar moieties into MSQ.  These moieties likely include tetramethyl 
ammonium (TMA+), hydroxide (OH-), or bicarbonate (HCO3-) ions from the TMAH 
solution.  During TMAH exposure, these ions may have diffused into the MSQ film due 
to the concentration gradient at the surface.   
In the liquid solution, fewer ions appear to have diffused into the film as indicated 
by the lower dielectric constant of 13.5 (Table 5.5).  Since the high pressure solutions 
yielded higher dielectric constants of ~26, the presence of high pressure CO2 may have 
swelled the MSQ film and allowed the incorporation of a higher concentration of ions 
into the film.  High pressure CO2 is a common plasticizer and typically swells 
polymers21.  However, swelling only occurs if the gas is soluble in the film whereas 
pressurization of the film occurs with a gas that is not soluble in the film22.  Although no 
reports have appeared describing the absorption and swelling of MSQ films by CO2, Xie 
has investigated the interaction of supercritical CO2 with additives on MSQ that had been 
exposed to an oxygen plasma23.  A study examining the swelling absorption of CO2 into 
MSQ would be useful in clarifying this hypothesis.  The possibility of MSQ swelling 
seems plausible because the ladder or cage like structure of MSQ may allow the inclusion 
of other moieties such as CO2.  Kim has investigated the absorption of solvents such as 
acetone, methyl isobutyl ketone, 1-methoxy-2-propanol acetate, and water in liquid or 
vapor phases into MSQ films using QCM.  In addition neutron reflectivity measurements 
confirmed swelling24.   
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The increased dielectric constants observed may have been caused by surface 
inclusion of polar moieties rather than incorporation of polar species by diffusion into the 
bulk film.  In order to investigate this possibility, a CH3OH rinse from a squirt bottle was 
used to rinse off any TMAH solution that remained after depressurization and removal of 
the sample from the reactor.  In addition, the surface was dried with a N2 gun to remove 
any remaining CH3OH.   Although rinsing steps were incorporated after the GXL 
processing, the dielectric constant remained high.  These studies suggest that ions have 
been incorporated into the bulk of the MSQ film rather, and are not merely present at the 
surface.   
CV curves were used to calculate the dielectric constant under semiconductor 
accumulation conditions and to investigate shifts in the flat-band voltage that relate to 
charges present in the dielectric (MSQ).  Flat-band voltage is the voltage at which the 
semiconductor has zero induced charge.  That is, flat-band voltage is the applied voltage 
necessary to establish a uniform flat electron energy potential for the conduction, valence, 
and intrinsic Fermi energy bands; this is distinct from the normal situation where the 
energies either increase or decrease near the interface between the silicon and MSQ due 
to differences in the work function between the silicon and the metal and to charges 
present in the dielectric or at the dielectric-silicon interface25.  Because the silicon wafer 
is doped, the condition of zero charge will occur near the inflection point of the depletion 
part of the CV curve where the transition from accumulation to inversion takes place25.  
As described above, a shift in the flat-band voltage position also indicates the 
introduction or removal of charge in the dielectric, which includes charge due to 
incorporated ions26.  Figure 5.9 indicates that the CV curve and thus the flat-band has 
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shifted to more negative voltages compared to that in Figure 5.8 because a more negative 
voltage is necessary to compensate the silicon surface potential for the positive charges 
trapped in the MSQ film27.   
 
 
 
 
 
 
 
 
 
 
Figure 5.8: CV curve for unprocessed MSQ film. 
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Figure 5.9: CV curve for MSQ film exposed to 2200psi GXL solution. 
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Figure 5.10: CV curve for MSQ film exposed to 2200psi GXL solution and subsequent 2200psi 
CO2/CH3OH rinse. 
 
The CV curve shifts back to its original position after the CO2/CH3OH 2200psi rinse as 
shown in Figure 5.10.  The voltage shift may be caused by the diffusion of TMA+, OH-, 
or HCO3- ions in the MSQ due to a concentration gradient.  Because the voltage shift is 
negative, positive ions may have been incorporated.  A larger negative flat-band voltage 
may have resulted in order to compensate for the inclusion of the positive ions.  Of 
course, the shift may also be due to the combination of an electric field as supplied by a 
constant applied voltage and an increased temperature above 100oC25.  Since no applied 
voltage was used in the GXL experiments, the shift in the CV curve is probably due to a 
concentration gradient that drives ions into the MSQ film.   
In addition to CV measurements, IV measurements can be obtained from MIS 
capacitor structures.  The IV results can also lend support to the possible incorporation of 
polar moieties into MSQ by the detection of increased currents at lower voltages due to 
lower MSQ resistance.  It is well-known that the inclusion of ions in a dielectric can 
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increase the conductivity of a film.  One example is the incorporation of tetrabutyl 
ammonium picrate in PVC (polyvinyl chloride) layers28.  
 Current vs. voltage measurements show the magnitude of current leakage through 
an MSQ film.  Figure 5.11 shows IV results for an unprocessed MSQ film in an MIS 
structure.  The slope of the current vs. voltage plot in Figure 5.12 significantly increases 
after the film has been exposed to a 2200psi GXL treatment.  However, after a 2200psi 
CO2/CH3OH rinse, the slope returns to essentially that of an unprocessed MSQ sample as 
shown in Figure 5.13.   
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11: IV curve for unprocessed MSQ. 
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Figure 5.12: IV curve for MSQ processed in 2200psi GXL. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.13: IV curve for MSQ processed in 2200psi GXL and 2200psi CO2/CH3OH rinse. 
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more current and behaving less like a capacitor.  Table 5.6 below compares the currents 
measured for samples exposed to different processing conditions. 
Table 5.6: The current (A) at 10V for different MSQ films. 
 
 
 
 
 
Although the dielectric constants for the high pressure treated samples C, D, and E are 
similar (within ~10% according to Table 5.5), the currents measured for each are 
significantly different.  It should be noted that the currents observed are relatively high 
compared to an industry standard value of 10-7 A/cm2.  However, these higher currents 
may result from pinholes in the film; Fukuda has shown that an increased pinhole density 
contributes to a significantly higher leakage current29.   
At increasing pressures, the current increases indicating that the capacitor is more 
leaky, probably due to ions that have diffused into the films.  During GXL exposure, the 
high pressure CO2 component of the GXL may swell the MSQ and allow the ions to 
penetrate into the film.  Swelling may be possible because Kim has shown that MSQ can 
absorb various organic solvents in both liquid and gas phases and then swell the MSQ 
film24, 30.  Neutron reflectivity was used to measure the swelling.  Irrelevant of the solvent 
phase, the solvent surface tension had to be less than 38dyn/cm24.  Methanol at room 
temperature has a surface tension of 22dyn/cm and with the inclusion of CO2 the surface 
tension would have decreased.  Although not a direct comparison, ethanol with CO2 at 
1050psi, 1500psi, and 2200psi and 90oC has surface tensions of 4.9dyne/cm, 2.2 
dyne/cm, and 0.8 dyne/cm, respectively31.  Methanol should have the same order of 
I (A) at -10v A/cm2
Unprocessed -3.34E-04 -1.06E-02
Liquid -4.67E-04 -1.49E-02
1050psi GXL -1.23E-03 -3.90E-02
1500psi GXL -2.88E-03 -9.17E-02
2200psi GXL -1.50E-02 -4.77E-01
2200psi GXL + Rinse -1.11E-04 -3.53E-03
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magnitude for the surface tensions because methanol and ethanol are structural very 
similar and have similar properties.  The CO2/CH3OH 2200psi rinse may have swelled 
the MSQ film.  After rinsing with CH3OH and drying with N2, the negative OH- and 
HCO3- ions may have been removed while the positive TMA+ ion remained.   
The concentration of TMA+ and HCO3- ions incorporated into the MSQ film 
should be similar because of their equal concentrations in the GXL.  Although there is 
some OH-, this amount is very small in comparison to TMA+ and HCO3- ions13.  The 
molecular weights of TMA+ and HCO3- ions are 74g/mol and 61g/mol respectively.  
Their similar sizes, concentrations and concentration gradients should yield similar 
diffusion rates if no other differences are present.  Although both ions may have diffused 
in the MSQ film, the TMA+ positive ion may be more stable within the film structure due 
to attraction to electronegative oxygen moieties in MSQ.  Negative HCO3- ions may not 
interact effectively with the MSQ due to repulsion.  The negative ions may interact with 
the silicon; however, this seems unlikely because silicon is not strongly positive whereas 
oxygen is strongly electronegative as indicated by oxygen’s large electronegativity of 
3.44.  Because the positive ions interact more strongly with the film structures, they 
would be more difficult to remove by rinsing.  The high pressure CO2/CH3OH rinse 
should remove the TMA+ ions because CH3OH interacts with the positive ions while the 
CO2 would cause the MSQ film to swell.  In addition, the concentration gradient supplies 
a driving force for the positive ions to diffuse out of the MSQ film.     
Aw has observed similar results with incorporated positive Al ions diffusing 
through MSQ films to cause a shift in the CV curve towards more negative voltage 
values32.  In addition Myneni through ATR-FTIR spectra demonstrated that high pressure 
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CO2 aids in the diffusion of CH3OH and TMAHCO3 into a fluorocarbon film33.  
Although the fluorocarbon film is a polymer and not an inorganic material like MSQ, 
CO2 can aid in transport and may serve that same role for MSQ which can be a network 
or polymer30.  The current level and dielectric constant value return to the unprocessed 
conditions after a 2200psi CO2/CH3OH rinse.  A related diffusion investigation has also 
been performed using fluorescence methods by Cao where the diffusion coefficients of 
pyrene out of polystyrene increased with higher CO2 pressures34.  Although pyrene is not 
a polar molecule as indicated by its low solubility of 2-3μM in water, the large 202g/mol 
MW of pyrene shows that large molecules can diffuse out of polymers at high 
pressures35. 
Samples of Coral™ (from Novellus) and Black Diamond™ (from Applied 
Materials) were exposed to the same high pressure GXL treatment conditions as those 
invoked in the MSQ experiments; details of these experiments are described in Appendix 
A.  For those samples, a surface chemical change did occur as indicated by a lower post 
treatment contact angle, whereas the current MSQ GXL processed films did not display a 
change in contact angles.  Due to the surface changes observed, surface repair techniques 
would be invoked to recover the low k value.  The approaches used (see below) only 
affect the surface in contrast to the CO2/CH3OH high pressure rinse used in the MSQ 
GXL processing which affects the bulk film.   
In order to repair the surface modification, previous investigators have used a 
variety of different methods to re-establish the low k value and hydrophobic character.  
Xie and Muscat have recovered low dielectric constants after plasma processing of low k 
materials by using supercritical CO2 with additives such as HMDS 
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(hexamethyldisalizane), TMDS (tetramethyldisalizane) or TMCS 
(trimethylchlorosilane)36; chemical structures of these molecules are shown in Figures 
5.14, 5.15, and 5.16.   
 
 
 
 
 
Figure 5. 14: Chemical structure of HMDS. 
 
 
 
 
 
Figure 5.15: Chemical structure of TMDS. 
 
 
 
 
 
 
Figure 5.16: Chemical structure of TMCS. 
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process is a surface sensitive process and may not be effective with GXL processed 
MSQ.  Although GXL processed MSQ shows an increase in dielectric constant, this is 
probably caused by diffusion of ions into the bulk film.   Because treatments with 
supercritical CO2 containing HMDS, TMDS, or TMCS would merely incorporate these 
additives into the film surface, no reduction in dielectric constant is anticipated due to the 
trapped ions in the bulk below the reacted surface. 
 Another method to reduce the hydrophilicity of the MSQ film is to use a NH3 
plasma in order to create a thin protective layer to seal the hydrophilic surface37.  Liu has 
used a plasma treatment with NH3 to inhibit the hydrophilicity caused by TMAH.  
TMAH exposure causes an increase in dielectric constant and leakage current density that 
was reversed with the NH3 plasma.  Analogous to the process used by Xie, this procedure 
only modifies the surface but does not remove trapped ions.     
 The C2H6 experiments demonstrated that although C2H6 can remove photoresist 
and etch residue at reduced temperatures, the increased hydroxide ion concentration 
relative to that of the CO2-expanded GXL, poses a problem because the higher OH- 
concentration results in substantial etching of silicon dioxide-based low k dielectrics such 
as MSQ.  Table 5.7 show significant etching of MSQ after C2H6 GXL exposure at 
1000psi, TMAH bubbled with CO2 to form TMAB, and finally TMAH alone. 
Table 5.7: Before and after exposure to C2H6 GXL, TMAB, and TMAH. 
 
 
 
 
 
The C2H6 in the C2H6 GXL may have shifted the chemical equilibrium towards a higher 
hydroxide concentration even after bubbling the initial TMAH with CO2.  As a result, the 
Before (nm) After (nm) % Change
C2H6 GXL 640.9 497.8 22.3%
TMAB Beaker 640.9 532.0 17.0%
TMAH Beaker 669.4 2.4 99.6%
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MSQ film was etched.  The beaker studies with TMAH bubbled with CO2 showed that 
the MSQ was etched more extensively than it had when C2H6 was used as the expansion 
gas because the CO2 remained in solution and was not displaced by C2H6; therefore, the 
hydroxide ion concentration did not increase.  MSQ was completely removed by the 
TMAH solution, since only a native silicon dioxide film resulting from air exposure of 
the silicon surface, was detected.  
Conclusions 
 The various analytical and electrical characterization techniques used to assess the 
effect of GXL treatments on MSQ assisted in the formulation of a model to explain the 
changes of MSQ properties observed.  Thickness measurements confirmed that the film 
had not been etched while contact angle measurements indicated that no detectable 
hydrophobicity changes had occurred.  In addition, FTIR spectra verified that the bulk 
film had not changed.  However, none of these analytical methods took into consideration 
the effect of small concentrations ions that were clearly detected by the CV and IV 
studies.   
The GXL solutions contained HCO3-, OH-, and TMA+ in the CH3OH, CO2, and 
water solvent.  Ellipsometry and contact angle studies determined that the MSQ film had 
not been etched by the small OH- presence in the GXL.  If the film had been etched then 
the film thickness would have changed and the film would have had a lower contact 
angle indicating a hydrophilic surface.   
Although no etching occurred, ions could have diffused into the MSQ film.  The 
presence of these ions could have been detected by FTIR and XPS spectra if they were 
present at sufficiently high concentrations.  However, no changes were observed in the 
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spectra, which suggests that the ion concentrations were below detection or that ions were 
not present.   
The CV curves indicated that ions had penetrated into the film although at 
extremely low concentrations.  Dielectric constants increased from 2.64 to ~26 after 
exposure to the GXL solution without the 2200psi CO2/CH3OH rinse.  In addition, CV 
curves shifted to more negative voltage values as well.  This shift could be caused by 
trapped positive TMA+ ions.  Trapping of positive ions rather than negative ions is likely 
because of possible interactions of positive ions with the electronegative oxygen in MSQ.   
Current-voltage (IV) measurements showed that the current significantly 
increased at lower voltages indicating greater current flow, possibly due to the inclusion 
of positive ions.  Because of the positive ions, more negative voltage is necessary to 
initiate accumulation in the CV curve.   
A high pressure 2200psi CO2/CH3OH rinse was successful in recovering the 
electrical properties observed for the untreated MSQ films.  It is expected that this 
treatment removes TMA+ ions from the MSQ films.  The CH3OH serves as a medium for 
the ions to diffuse through to exit the film and the CO2 would help swell the MSQ films.  
Finally, the concentration gradient would promote the diffusion of these ions out of the 
MSQ film.  After the rinse, the CV and IV curves were the same as those observed for the 
untreated films.  These studies indicate that processing of low k MSQ films with GXLs is 
possible without degradation of film properties, although a high pressure CO2 with 
CH3OH rinse will be required in order to fully recover the low k film properties.  In 
addition because C2H6 increases the hydroxide ion concentration in GXLs that 
subsequently etches the MSQ, CO2 is a more suited gas for these applications.  Although 
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CO2 reacts with the TMAH, this reaction allows the maintenance of a low controllable 
hydroxide ion concentration that is sufficient for photoresist removal and compatible with 
low k dielectric materials. 
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CHAPTER 6  
CHARACTERIZING ABSORPTION OF CO2 AND C2H6 INTO 
PHOTORESIST FILMS USING A QUARTZ CRYSTAL 
MICROBALANCE (QCM) 
Introduction 
 Photoresist and etch residue removal is a key step in semiconductor device 
manufacturing because this step ensures a clean foundation for the many deposited and 
etched layers required to make an integrated circuit (IC) chip.  The increased awareness 
of using toxic cleaning solvents has called for more environmentally benign solutions 
such as supercritical fluids and gas expanded liquids.  Gas expanded liquids reduce liquid 
solvent usage by the inclusion of a high pressure gas such as CO2.  Gas expanded liquids 
composed of CO21 or C2H6 that expand a methanol-based liquid containing an 
tetramethylammonium bicarbonate (TMAB) additive effectively removed photoresist 
films.  In this study we compare CO2 with C2H6 as the gas in gas expanded liquids by 
characterizing the absorption of the gases into two films, polystyrene (PS) and 
polyhydroxystyrene (PHOST).  PHOST is a resin used in photoresists while PS lacks the 
hydroxyl group of PHOST; Figure 6.1 shows the structures of PS and PHOST.   
 
 
 
 
 
 
Figure 6.1: Molecular structure of A) PS and B) PHOST. 
A B 
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Contact angle measurements using water as the probe liquid are performed to determine 
the hydrophilicity of the films which is expected to affect the gas absorption. 
C2H6 has similar molecular weight (30g/mole vs. 44g/mole), critical temperature 
(32.3oC vs. 31.1oC), and critical pressure (707.8psi vs. 1073psi) to CO2 but lacks the 
quadrupole moment of CO2 which may cause enhanced interaction with the hydroxyl 
group in PHOST.  Although C2H6 is nonpolar, it has a small quadrupole moment as 
indicated in Table 6.1. 
Table 6.1: Quadrupole moments for different gases where esu is electrostatic unit of charge2. 
 
 
 
 
 
Due to the quadrupole moment in CO2, the electron density is higher at the oxygen atom 
and lower at the carbon atom.  Therefore, CO2 can behave as both a Lewis acid and 
Lewis base3.  For instance, it behaves as a Lewis acid when the electron depleted carbon 
in CO2 interacts with an electron rich oxygen in a carbonyl group4 and behaves as a 
Lewis base when the electron rich oxygen in CO2 interacts with a hydrogen  in an acid5. 
PHOST and PS films were exposed to CO2 and C2H6 at increased pressures to 
investigate the absorption of the gases into the films.  Specifically, the gases may swell 
the films and thereby allow improved penetration of the liquid component of the GXLs to 
enhance film removal.  Prior studies using the CO2-expanded TMAB mixture indicated 
that the mechanism for photoresist removal on silicon wafers was film liftoff wherein the 
small hydroxide concentration in equilibrium with bicarbonate in TMAB etched the 
underlying silicon dioxide to lift off the photoresist and etch residue film6.  The CO2 gas 
Quadrupole 
Moment 
(esu) 1026
Carbon Dioxide -4.3 +/- 0.2
Ethane -0.8 +/- 0.1
Nitrogen -1.4 +/ -0.1
Oxygen -0.4 +/- 0.1
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swells the photoresist film and allows the liquid to penetrate through the photoresist film 
to reach the underlying silicon dioxide. 
The existence of a hydroxyl group in PHOST but not in PS may be important in 
establishing the effect of the quadrupole moment in CO2.  The quadrupolar CO2 may 
interact more with PHOST as a result of hydroxyl group.  Increased interaction may be 
interpreted as a larger mass uptake of the gas.  Understanding the gas absorption assist in 
selection of the most appropriate gas to use for photoresist/etch residue removal in GXLs.   
Experimental  
 Polyhydroxystyrene 11,800 MW was obtained from Dupont Electronic 
Technologies and polystyrene 13,200 MW was obtained from Scientific Polymer.  The 
powder forms of the polymers were dissolved in 99% propylene glycolmethylether 
acetate (PGMEA) from Sigma Aldrich in a 15wt% solution.  The solutions were spincast 
onto 6MHz AT cut 0.55” polished gold quartz crystals from Colorado Crystal.  The 
crystals had gold electrodes for contacts.  A Cost Effective Equipment 100CB spin coater 
was used to spin the films at 2500rpm for 30s and then the films were baked at 110oC for 
1min to remove the PGMEA solvent.  Films thicknesses were measured with a J.A. 
Woollam M-2000VI ellipsometer.   Incident angles of 65o, 70o, and 75o were used and a 
Cauchy model was used to fit the film thicknesses.   
The crystals were mounted on a Maxtek BSH-150/151 QCM sensor head.  A 
Maxtek RQCM and Q-Sense QCMD were used to measure the frequencies of the 
crystals.  Frequency measurements were taken before and after film deposition to obtain 
the film mass.  Measurements were recorded after the frequency stabilized which was 
~30min.  CO2 gas (SFC grade with eductor tube, 99.9995%) and C2H6 gas (CP grade 
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with eductor tube, 99%) from Airgas were injected into the reaction chamber where the 
frequency change of the two crystals with either PHOST or PS was measured by the 
QCMD and RQCM, respectively.  A diagram of the experimental configuration is shown 
in Figure 6.2. 
 
 
 
 
 
 
 
 
 
Figure 6.2: Experimental setup for QCM studies. 
 
An Isco 1000D syringe pump regulated the gas pressurization from atmosphere to 
1500psi.  HiP valves controlled gas flow and a Hoke microneedle valve was used to 
slowly leak gas into the QCM chamber.  Pressure measurements were performed using an 
Omega pressure transducer connected to Labview 7 software.  RQCM data was recorded 
using RQCM Data Logging Software and QCMD data was recorded using QSoft 301.  In 
addition to the fundamental frequency at 6MHz, the QCMD recorded the 3rd and 5th 
overtones at 18MHz and 30MHz and recorded the dissipation factor.  Excluding the gas 
cylinder and Isco pump, the entire system was enclosed in a polycarbonate shield with 
exits leading to a snorkel and the building exhaust system. 
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 Contact angle measurements of the PHOST and PS coated crystals were 
performed on an AST Products Video Contact Angle System 2500XE using water.   
Results and Discussion 
 The mass uptake of CO2 and C2H6 by PHOST and PS were measured by 
converting the frequency changes of the gold plated piezoelectric crystal to a mass7, 8  
using Equation 6.1: 
ΔF = F – Fo = ΔFm + ΔFp + ΔFn      (6.1) 
ΔFp = FoαP           Foα=0.43Hz/psi9  (frequency change due to pressure)  
ΔFn = -0.5Cm(πFo)-1/2(ρfnf )1/2    (frequency change due to viscosity) 
Cm = -2Fo2/(μqρq)1/2 
μq = 2.947x1011 g/cm-s2 
ρq = 2.648 g/cm3 
ΔFm = -2Fo2Δm/(μqρq)1/2 = -CmΔm/A   (frequency change due to mass) 
A = 1.53 cm2 
where F = current frequency (Hz) 
Fo = original frequency (Hz) 
ΔFm = frequency change due to mass (Hz) 
ΔFp = frequency change due to pressure (Hz) 
ΔFn  = frequency change due to viscosity (Hz) 
α = pressure correction factor 
Cm = mass sensitivity constant ⎟⎟
⎟
⎠
⎞
⎜⎜
⎜
⎝
⎛
scm
g
Hz
2
2
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ρf = density of fluid (g/cm3) 
nf = viscosity of fluid (g/cm-s) 
μq = shear modulus of crystal (g/cm-s2) 
ρq = density of crystal (g/cm3) 
A = area of crystal (cm2) 
Between 750 and 1500 psi, and at room temperature, both PS and PHOST absorbed more 
CO2 than did PS as indicated in Figures 6.3 and 6.4. 
 
 
 
 
 
 
 
 
 
Figure 6.3: Mass of CO2 and C2H6 absorbed by PS. 
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Figure 6.4: Mass of CO2 and C2H6 absorbed by PHOST. 
 
CO2 is absorbed to a greater extent by both polymers because CO2 has a higher critical 
pressure of 1070psi compared to 706psi for C2H610, 11.  In addition, PS absorbed more 
CO2 and C2H6 because the PS film has a lower density12;  PS has a density of 1.05g/cm3 
compared to 1.17g/cm3 for PHOST13.  Sorption increases with larger molecular weight 
(MW) polymers and consequently the polymers chosen had fairly similar molecular 
weights14.  However, the MW of PS is 13,200 compared to 11,800 for PHOST.  This may 
also contribute to PS ability to absorb more gas. 
 PS absorbed a higher mass of both CO2 and C2H6 compared to PHOST.  
However, the ratio of CO2/C2H6 absorbed by PHOST is greater than that of PS. 
Comparing the mass absorbed ratios CO2/C2H6 demonstrates that PHOST preferentially 
absorbs relatively more CO2 compared to PS.  This is shown in Table 6.2. 
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Table 6.2: Ratio of CO2/C2H6 absorbed by PHOST and PS. 
 
 
 
 
 
 
 
 
 
For example, at 1000psi PHOST would absorb 1.9 times more CO2 than C2H6  whereas 
PS would absorb 1.83 times more CO2 than C2H6.  Therefore, although PS absorbs more 
gas overall by comparing Figure 6.3 and 6.4, PHOST absorbs more CO2 relative to C2H6.  
In addition, at higher pressures the ratio of CO2/C2H6 becomes larger for both polymers.   
As mentioned before, more CO2 is absorbed compared to C2H6 for both polymers; 
however, the relative amount of mass absorbed is larger for PHOST.  This observation 
may be due to the hydroxyl group present in PHOST.  That is, the hydrogen in the 
hydroxyl group in PHOST behaves as a Lewis acid and the oxygen in CO2 behaves as a 
Lewis base15, 16.  Thus, the hydroxyl group may interact with the quadrupolar CO2.  
Indeed, other investigators have observed similar trends for carbonyl groups as well; 
however, in those experiments different nonpolar gases such as C2H6 were not used12, 17.  
Rather, CO2 gas was absorbed into polymers that contained different chemical moieties 
such as carbonyl groups.   
The hydroxyl group in PHOST also caused the PHOST film to be more 
hydrophilic as shown in Table 6.3. 
Table 6.3: Contact angles for PS and PHOST coated crystals. 
 
 
 
Pressure (psi) PHOST PS
600 1.07 1.00
800 1.12 1.16
1000 1.90 1.83
1200 1.70 1.61
1500 1.78 1.65
Ratio of CO2/C2H6 
Mass Absorbed
PS PHOST
Immediately 104.4 94.3
After 1min 98.2 84.0
After 5min 86.5 51.3
Contant Angle
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Although the experiments were not performed in a dry box, the hydrophilic nature of 
PHOST did not measureably affect gas absorption because during stability trials, the 
frequency of the PHOST coated crystal was constant.  That is, the QCM frequency would 
have continuously decreased if moisture from the air had been absorbed. 
Although the studies only measured mass uptake, film swelling also occurred as 
evidenced by the increase in the dissipation factor with increasing pressure.  Dissipation 
factor is defined as the ratio between energy lost and energy stored18.  Using the QCMD, 
the applied voltage is intermittently turned on and off and the oscillation decay is 
measured.  A larger dissipation indicates that the film has become more viscoelastic and 
less rigid; polymers become more viscoelastic upon absorption of gases.  The viscosity of 
the polymers decrease with mass absorption19.  If the films had been compressed due to 
applied hydrostatic pressure, then the dissipation would have remained the same or 
decreased at higher pressures indicating a more rigid film.  The dissipation changes with 
increased pressure areshown in Figures 6.5 and 6.6. 
 
 
 
 
 
 
 
 
 
Figure 6.5: Dissipation by PS as a function of pressure. 
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Figure 6.6: Dissipation by PHOST as a function of pressure. 
Conclusions 
 QCM studies indicate that CO2 plays a unique role as an expansion gas in GXLs 
because CO2 has a quadrupole moment, relatively high critical pressure, and swells 
polymer films.  Due to the quadrupole moment, CO2 may possibly display greater 
interaction with hydroxyl groups in PHOST compared to PS through a Lewis acid-base 
interaction.  Although PS absorbs more CO2 by comparing Figure 6.3 to 6.4, PHOST had 
mostly higher ratios of CO2/C2H6 absorbed according to Table 6.1 from 600 to 1500psi.  
The relatively high critical pressure of CO2 compared to C2H6 results in higher CO2 
solubility in the polymer films.  Film dissipation measurements indicated that film 
swelling occurred and the swelling was more evident with CO2 gas.  Although CO2 has 
benefits of being relatively environmentally friendly, abundant, well characterized, and 
inexpensive, CO2 also has unique physical and chemical properties that make it an 
excellent choice as the expansion gas in GXLs.   
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CHAPTER 7  
CONCLUSIONS 
The role of CO2 in GXLs as applied to photoresist and etch residue removal was 
investigated.  Previous studies1 modeled the wetting of small features using GXLs.  The 
current investigation concentrated on the removal of commercial etch residues on 
patterned wafers, the effects of GXLs on the chemical, electrical, and physical properties 
of low k dielectrics, and the effect of expansion gas on the properties and cleaning ability 
of GXLs.  
CO2 expanded tetramethyl ammonium bicarbonate (TMAB) in methanol GXLs 
removed photoresist and etch residue from commercially patterned samples at 
temperatures >90oC and pressures >1000psi.  At lower pressures (0-100psi), the film was 
removed by the solvent power of the concentrated solution.  At intermediate pressures 
(100-1000psi), the CO2 addition simply diluted the fluid which prevented film and 
residue removal.  At higher pressures (>1000psi) CO2 penetrated into the photoresist, 
swelled the film, and allowed TMAH to diffuse through the polymer and etch the 
underlying SiO2, thereby resulting in a lift-off removal process.   
In addition, low k materials which are being incorporated into the IC industry as 
the next generation of interlayer dielectric materials, were exposed to the GXL process 
used to remove photoresist and etch residue.  Upon GXL exposure, HCO3-, OH-, and 
TMA+ ions penetrated into the low k MSQ film.  Although no etching was detected by 
ellipsometry, electrical measurements (capacitance-voltage and current-voltage) indicated 
that ions had been trapped in the dielectric film.  The most likely scenario was that 
positive ions have been trapped due to attraction to the highly electronegative oxygen in 
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MSQ.  This was also supported by current-voltage (IV) measurements which showed that 
the current significantly decreased at negative voltages indicating greater current flow, 
consistent with the introduction of positive ions.  In addition, incorporation of positive 
ions required a more negative voltage to initiate accumulation in the capacitance (CV) 
curve; indeed this result was also observed.  From the CV curves, a dielectric constant 
was calculated, the value of which increased from 2.7 to ~26, again consistent with ion 
inclusion.  However, a CH3OH/CO2 high pressure rinse at 2200psi enabled out diffusion 
of the ions from the MSQ and thereby returned the dielectric constant to its original value 
of 2.7.   
GXL treatments of industrially-generated patterned samples and low k dielectric 
materials demonstrated the feasibility of GXL for photoresist and etch residue 
applications.  In order to better understand and ultimately extend the possible use of 
GXLs, CO2 was compared to C2H6 in order to take advantage of the unique 
characteristics of CO2 such as the quadrupole moment that may be responsible for the 
specific properties of CO2.  CO2 is an acidic gas and reacts with basic TMAH, but C2H6 
does not.  When C2H6 was used as the expansion gas in a GXL, the process temperature 
required for photoresist and etch residue removal dropped to 50oC as compared to 90oC 
for CO2.  A lower temperature was possible because C2H6 did not react with the TMAH 
to form tetramethyl ammonium bicarbonate and hence a higher hydroxide concentration 
was available as the photoresist and etch residue removal agent.  However, this increased 
hydroxide concentration was detrimental to low k dielectrics.  Upon exposure to C2H6 
expanded TMAH, the increased hydroxide concentration etched the low k material more 
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rapidly than was observed with CO2-based GXLs, thereby limiting the applications 
possible.    
The mass absorption of CO2 and C2H6 into polystyrene (PS) and 
polyhydroxystyrene (PHOST) were compared using QCM.  More CO2 was absorbed by 
both polymers compared to C2H6 due to the relatively higher critical temperature of CO2 
compared to C2H6.  The quadrupolar nature of CO2 may possibly have allowed increased 
interaction with the hydroxyl group in PHOST via a Lewis acid-base interaction as 
indicated by the larger ratio of CO2/C2H6 absorbed by PHOST compared to PS.  
Although swelling was not directly measured, the increased dissipation determined by 
QCMD indicated that the films had become less rigid which suggests film swelling 
because if the film had been compressed by the high pressure gas, a constant dissipation 
would have resulted. 
Although CO2 was initially investigated as the gas for GXLs due to its low cost, 
well studied characteristics, relatively benign nature, and low critical temperature and 
pressure, CO2 possesses several other advantageous properties.  CO2’s quadrupolar 
nature, a high critical pressure that allows increased solubility, and ability to swell 
polymer films such as photoresists reveals CO2 multifaceted benefits for photoresist and 
etch residue removal in the microelectronics fabrication process.  Although many of these 
characteristics were well known, this study confirmed them with specific experiments 
and provided new insight described in the next section.   
Despite the fact that wet cleaning methods have been the industry standard, high 
pressure methods such as GXLs and SCFs are creating interest due to their use of gases 
that reduce solvent use, reduce viscosities, and lower surface tensions.  GXLs possess 
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several advantages compared to SCFs.  Namely, GXLs are a liquid based solution 
therefore the solvent strength is greater due to the higher concentration of the solutes that 
perform the cleaning.  In addition, the properties of GXLs such as viscosity and surface 
tension can be tuned by adjusting the gas pressure dissolved in the liquid.   
GXLs have been used previously for separation processes2-4 but have not yet been 
applied to microelectronics fabrication processes until recently1.  Furthermore, this study 
shows for the first time that GXLs can be used to remove photoresist and etch residue 
from commercially patterned samples.  Past GXL studies had only removed model films 
such as polyhydroxystyrene (PHOST)1.  In addition, studies have reported the effects of 
supercritical fluids (SCFs) on low k materials, but those studies focused on the effects of 
SCFs on pore size5 and on the repair of low k materials using cosolvents dissolved in 
SCFs6.  Because GXLs are liquid based solutions, liquid can be trapped in the pores of 
porous low k dielectrics.  The low k GXL studies demonstrated that with a high pressure 
2200psi CO2/CH3OH rinse the low dielectric constant value could be recovered.  This is 
important because in order for GXLs to be used in IC manufacturing processes, they must 
be compatible with the low k materials that are being implemented. 
Many studies have been performed on the effect of CO27-11 and C2H612, 13 on 
polystyrene (PS) properties.  Those studies focused on the mass sorption of these gases 
into PS.  But the gases were not compared to each other with respect to quadrupolar 
moment discussion.  Instead, polymer with different groups such as carbonyl groups were 
compared using only CO2.  The results in relation to carbonyl group were inconclusive7, 
11.  Our QCM studies showed that CO2 was more extensively absorbed by both polymers.  
PS absorbed more CO2 and C2H6 compared to PHOST; however, PHOST absorbed a 
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high ratio of CO2/C2H6 compared to PS which may possibly mean that the hydroxyl 
group interacted more with the quadrupole in CO2.   
The studies described in this thesis that investigate commercially patterned 
samples and low k samples with CO2 and C2H6 has added new information and insight 
into understanding GXLs for photoresist and etch residue removal in IC fabrication. 
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CHAPTER 8  
FUTURE WORK 
 The work in this thesis demonstrated the feasibility of applying GXLs to patterned 
dielectric films on silicon wafers and isolated low k dielectric films.  In addition, 
fundamental characteristics of CO2 such as its quadrupolar nature were investigated but 
not completely proven.  The future work will focus on expanding these two areas, namely 
applications to IC manufacture and additional fundamental studies.  In particular, the 
specific gas and liquid used in GXLs will be examined.   
 Although the tetramethylammonium hydroxide (TMAH) bubbled with CO2 is an 
effective solution for the removal of photoresist and etch residue, etching of SiO2 base 
materials poses a problem.  Future IC nodes will require SiO2 gate oxide layers thinner 
than 1.2nm where the sensitivity to etching will be important1.  Other possible solutions 
such as GXLs with NH4F may be interesting to explore2. Although the fluoride solution 
will etch as well, the solution can be more dilute which may supply a larger processing 
window.  A patent has been filed for NH4F applications with supercritical CO2 and 
methanol2.  Other gases can be used in GXLs because they will not react with the NH4F 
chemistry.  Acidic gases such as CO2 react with basic TMAH; thus, comparison of gases 
is difficult if some gases react with the liquid.  Therefore, a possible non-reactive solution 
such as NH4F in methanol may be useful for comparing certain gases such as C2H6 to 
CO2.   
Gases with higher critical pressures may not be advantageous for supercritical 
applications because of the higher pressures necessary, but such gases with higher critical 
pressures will allow increased mass absorption into polymers3.  Examples of these gases 
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include NH3 or SO2 which have critical pressures of 1639psi and 1140psi.  In addition, 
NH3 is a polar gas and SO2 contains a quadrupole like CO2.  QCM experiments with 
these gases may further support that gases with high critical pressure and either dipolar or 
quadrupolar nature would be the best gases for GXLs.  In addition to the properties of the 
gas, another important issue will be the interaction of the gas with the liquid solvent 
which is currently methanol.  A gas that is more soluble in the liquid would be 
advantageous in order to expand the gas more and reduce the liquid solvent usage.  NH3 
and SO2 are both more soluble in methanol compared to CO24-6.  The absorption of water 
may be a problem for NH3 and SO2 but the high pressure applications may render the 
water sorption minor.   
 Rather than assuming that the films had swelled based on dissipation data, another 
method would be to use in situ high pressure ellipsometry in order to determine exact 
swelling.  Other groups have performed such experiments7, 8 but they did not focus on the 
interaction of polar groups.  A diagram of their setup is shown in Figure 8.1 
 
 
 
 
 
 
Figure 8.1: Setup for high pressure in situ ellipsometry7. 
 
The system could be modified to work with GXLs.  Although measuring film removal 
may be difficult due to light scattering if the film is removed non-uniformly, experiments 
using GXLs with a non reactive liquid and gas would be interesting.  The swelling may 
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differ between high pressure gases and actual GXLs.  These experiments would 
quantitatively show whether or not swelling occurred.  Swelling behavior may be 
different for GXLs compared to SCFs and gases due to the higher inclusion of liquids.  
 The current method for photoresist and etch residue removal according to this 
study is film swelling that allows the removal agent to penetrate through the film to etch 
the underlying SiO2 for lift-off.  However, the swelling may cause problems if the film 
swells too much.  Again, in-situ ellipsometry experiments will help determine how much 
swelling has occurred.  Using the electron beam lithography, small structures could be 
created and tested to determine whether those structures would be damaged by the 
increased photoresist swelling.  SEM images could be used to assess the results.   
 Along with photoresist swelling, low k dielectric materials such as 
methylsilsesquioxane (MSQ) may swell as well.  Using neutron reflectivity, toluene has 
been shown to swell MSQ9.  Due to the nanoporous nature of MSQ, swelling would 
probably occur upon exposure to gases and GXLs; however, whether the pores remain 
dilated after depressurization is unknown.  It is important that the film returns to its prior 
state after processing.  QCM and in situ ellipsometry would help determine the mass 
sorption, swelling, and subsequent desorption.   
 Previously, 3M had provided HFE (hydrofluoroether) to our group as a liquid 
solvent to expand in GXLs.  Figure 8.2 shows the molecular structure of HFE. 
 
 
 
 
Figure 8.2: Hydrofluoroether, 1,1,1,2,2,3,3,4,4 nonafluoro-4-methoxybutane. 
F3C CF2
CHF3CF2
CF2
O
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HFE has a surface tension of 14 dyne/cm compared to 72 dynes/cm for water10.  HFE in 
combination with HF is able to remove photoresist according to studies performed by 
Clark at 3M10.  CO2 may be more soluble in HFE due to the presence of fluorine, since 
fluorinated polymers have increased CO2 solubility compared to their alkyl 
counterparts11.   
The above future experiments would provide additional directions to the current 
research by investigating photoresist swelling and if this will damage small feature sizes.  
The different gases and liquids suggested would provide insight into the formulation of 
improved GXLs where a more effective GXL would have increased solubility of gases 
dissolved in the liquid to reduce liquid solvent usage. 
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APPENDIX A 
EFFECT OF GXL EXPOSURE ON LOW K DIELECTRIC FILMS  
Introduction 
 In addition to decreasing the gate length between the source and drain regions, 
transistor speed can be enhanced by the implementation of low k dielectrics.  Low k 
dielectrics serve as insulators between the different metal layers in order to reduce 
parasitic capacitance between those layers1.  Current low k materials include Coral™ 
developed by Novellus and Black Diamond™ developed by Applied Materials both of 
which are carbon doped silicon dioxide films.  An alternative low k material is MSQ 
(methylsilsesquioxane) which is silicon dioxide with methyl groups attached as shown in 
Figure 5.2; MSQ is dissolved in a solvent and spin-cast onto a substrate.  In the current 
study, the compatibility of low k films with GXLs (gas expanded liquids) will be 
investigated.    
Although current processes for the incorporation of low k dielectrics include 
deposition of a silicon nitride layer (or other film) on top of the low k film to chemically 
and mechanically protect it, this additional film increases the overall dielectric constant 
of the stack2.  Therefore, in our study, low k films will be directly exposed to the cleaning 
chemistries without the protective silicon nitride layer.  In a prior paper, GXLs such CO2 
expanded methanol with the cosolvent tetramethyl ammonium bicarbonate (TMAB) were 
used to remove photoresist and etch residues at 1500psi and 90oC3.  This solution was 
exposed to three low k films, Coral™, Black Diamond™, and MSQ investigated at 50oC 
and 90oC3.  This solution was comprised of tetramethyl ammonium hydroxide 25wt% in 
methanol that had been bubbled with CO2 to form tetramethyl ammonium bicarbonate.  
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The reacted solution was diluted by four parts of methanol and then pressurized with 
CO2.  Various measurements such as contact angle, ellipsometry, XPS, and FTIR were 
used to chemically and physically characterize the films, and dielectric constant 
measurements were performed before and after GXL exposure to assess electrical 
property changes.  Experiments involving liquid solutions of NH4HCO3, NH4OH, and 
NaOH in CH3OH and H2O were performed in order to gain insight into chemical changes 
that could result in alteration of the dielectric constant. 
Experimental  
 The experimental configuration and procedure for the GXL experiments can be 
found in chapters 4 and 5.  The low k dielectric films on silicon substrates were obtained 
from Sematech; unfortunately, specific deposition methods  are unknown.  Samples were 
cut into small 1cm2 pieces and placed in the GXL chamber for processing with CO2 
expanded tetramethyl ammonium bicarbonate solution at 90oC and 50oC at 1500psi.  In 
addition to the GXL treatments, solutions of ammonium bicarbonate, ammonium 
hydroxide and sodium hydroxide were also investigated.  A solution of 0.02 molar ratio 
solution of ammonium bicarbonate in methanol was further diluted in methanol to obtain 
a 0.081M solution; this corresponds to the same molar ratio for tetramethylammonium 
bicarbonate solution in methanol used in prior investigations3.  To allow direct comparion 
to these previous studies, the temperature and time used were 50oC and 45min, 
respectively4.  Samples employed were from Novellus (obtained via Sematech), which 
were the same sample type used in GXL experiments3.  Finally, an MSQ sample was also 
tested to investigate whether bicarbonate or hydroxide ions were the cause of an observed 
decreased contact angle after treatment. 
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Results and Discussion 
The mechanism for photoresist removal according to Myneni involves etching of 
the silicon dioxide beneath the photoresist by hydroxides that are in equilibrium in the 
TMAB solution to allow lift off the photoresist layer5.  Consequently, the low k silicon 
dioxide based-films will decrease in thickness.  TMAH attacks and breaks Si-O bonds6.  
In order to assess this possibility, the films were analyzed using ellipsometry to measure 
whether the film had been etched significantly.  Initial experiments were performed with 
GXLs at 90oC and 1500psi to emulate the previous GXL photoresist and etch residue 
studies described in Chapter 4; subsequently, the experiments were repeated at the lower  
temperature of 50oC. 
Experiments at 90oC and 1500psi 
 
 All three low k films were exposed to CO2 expanded TMAB at 90oC and 
1500psi.; see Chapter 4 for details of the solution composition.  According to Table A.1 
the thicknesses of the films do not change significantly after exposure to the GXL.  
Table A.1: Film thicknesses before and after GXL exposure. 
 
 
 
 
 In fact, the difference is within the estimated range of error (+/- 2.5).  Although 
ellipsometry indicates that the bulk thickness has not changed, contact angle 
measurements revealed that the surface chemistry has changed significantly.   
  Before (nm) After (nm) % difference 
Coral™ 467.7 +/-1.5 467.4 +/- 0.3 -0.07 
Black Diamond™ 452.3 +/-1.6 448.2  +/-0.1 -0.91 
MSQ 392.7 +/-1.8 390.4 +/-0.4 -0.56 
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Table A.2: Contact angles before and after GXL exposure. 
 
 
 
 
The films were originally hydrophobic as shown in Table A.2; this property is beneficial 
because a hydrophilic surface would attract water which, upon absorption increases the k 
value of the films.  After GXL exposure, the contact angle decreased in each case, 
demonstrating the hydrophilic nature of the film.  However, contact angle measurements 
only tell if the film is less or more hydrophobic; no information on the specific changes 
can be obtained.  Consequently XPS and FTIR were used to measure chemical bonding 
structure changes on the surface and in the bulk film, respectively.   
XPS results are shown in Table A.3, which lists the atomic percentages of C, O, 
and Si for each sample before and after GXL exposure.   
Table A.3: Atomic concentrations in film before and after GXL exposure. 
 
 Coral™ Black Diamond™ MSQ 
 Before(%) After(%) Before(%) After(%) Before(%) After(%) 
C1s 28.25 35.21 23.04 23.17 19.02 21.03 
O1s 46.78 44.07 51.93 52.07 54.78 53.91 
Si2p 24.97 20.72 25.03 24.75 26.20 25.06 
 
 
The values indicated are averages of three points take on each sample.  Apparently, the 
atomic concentrations on the surface of Black Diamond™ and MSQ changed very little, 
whereas for Coral™, the silicon concentration decreased and the carbon content 
increased.  These results are surprising, since we expect that Black Diamond™ and 
Coral™ are both carbon-doped plasma-deposited silicon dioxide layers, and thus should 
be chemically and physically more similar to each other than to MSQ.  Nevertheless, 
  Before(o) After(o) % difference  
Coral™ 97 56 -42.64 
Black Diamond™ 88 53 -40.55 
MSQ 106 57 -45.76 
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such results may be due to the different conditions (and perhaps methods) of deposition 
or processing conditions which are unfortunately unknown. 
 In addition, XPS curve fitting was performed in order to investigate bonding 
changes that may be reflected in the shifting of the binding energies.  Three points were 
taken on each sample and during curve fitting one to two curves were fitted to the peaks 
in order to reduce the chi squared value where a smaller chi value indicates a better fit.  
The curves were fitted to two peaks.  The primary peak corresponds to C-C which is 
located at 248.8eV whereas the smaller secondary peak which if apparent is Si-C which 
is located at 283.4eV.  The peaks were shifted from the raw data so that the primary C-C 
peak was aligned to the theoretical binding energy of 284.8 eV.  These results are shown 
in Tables A.4 and A.5.  
Table A.4: Before GXL exposure   Table A.5: After GXL exposure 
 
 
 
 
 
 
No clear generalization can be made for Coral™ and Black Diamond ™ but for MSQ the 
unexposed samples have two peaks for carbon (i.e., Si-C and C-C as described below) 
whereas the exposed samples have only one peak.  The before and after XPS carbon 
spectra are shown in Figure A.1 and A.2, respectively. 
   
 
 
peak 1 peak 2 chi squared
Coral 1 284.8 3.779
Coral 2 284.8 3.123
Coral 3 284.8 282.73 2.136
BD 1 284.8 282.75 1.375
BD 2 284.8 282.86 1.731
BD 3 284.8 283.20 3.931
MSQ 1 284.8 283.09 1.275
MSQ 2 284.8 283.94 2.697
MSQ 3 284.8 283.18 1.706
peak 1 peak 2 chi squared
Coral 1 284.80 287.67 1.468
Coral 2 284.80 1.862
Coral 3 284.80 286.54 3.083
BD 1 284.80 285.55 2.480
BD 2 284.80 282.46 1.666
BD 3 284.80 2.625
MSQ 1 284.80 1.733
MSQ 2 284.80 1.951
MSQ 3 284.80 3.107
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Figure A.1: XPS spectra of carbon in MSQ before GXL exposure. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.2: XPS spectra of carbon in MSQ after GXL exposure. 
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The unexposed MSQ sample has two carbon peaks whereas the exposed sample has only 
one carbon peak.  These peaks correspond to Si-C and C-C which are located at 284.8 eV 
and 283.4 eV.  The Si-C peak is due to the MSQ and the C-C is due to adventitious 
carbon from the atmosphere7.  The exposed MSQ only has the C-C peak from 
adventitious carbon because the hydroxide ions may have cleaved the Si-C bond8.   
Curve fitting was performed for silicon as well in the case of Coral™.  The silicon 
curve fittings for Black Diamond™ and MSQ were inconsistent but both had little change 
in silicon concentration after the GXL exposure.  Curve fittings were inconsistent 
because for some peaks only one Gaussian curve was fitted whereas for other peaks two 
Gaussian curves were fitted.  The inconsistencies lie in the number of curves fitted to the 
peaks for the before and after GXL exposures.  In the case of MSQ,clearly the before 
GXL exposure peak had two curve fits and after GXL exposure peak had only one curve 
fit.  Figure A.3 and A.4 show the silicon curve fittings before and after GXL exposures, 
respectively. 
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Figure A.3: XPS spectra of silicon in Coral before GXL Exposure 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure A.4: XPS spectra of silicon in Coral after GXL exposure. 
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The Si peak before GXL exposure indicates three types of bonding Si-C (100.4eV), Si-O 
(103eV), and Si-O2 (104.1eV) whereas the spectrum after exposure shows only Si-O 
bonding.  This seems reasonable because after GXL exposure the contact angle decreased 
indicating a hydrophilic surface, likely caused by Si-OH on the surface rather than Si-C. 
 Gold electrodes were deposited on the low k films and aluminum was deposited 
on the silicon wafer backside.  From the accumulation capacitance of the C-V plots, 
dielectric constant values were calculated for Coral™ and MSQ to be 20.2 and 25.3.  
Since the accumulation regime for Black Diamond™ was not stable, accurate dielectric 
constant values could not be obtained.  Because Black Diamond™ and Coral™ represent 
specific trade names  for carbon-doped SiO2, they have similar structures and contact 
angle values although the proprietary deposition processes are probably somewhat 
different.  Nevertheless, we expect that the dielectric values should be similar.  Before 
exposure, the dielectric constant values for Coral™, Black Diamond™, and MSQ were 
2.72, 2.86, and 2.7 respectively.  These results indicate that exposure to the GXL TMAB 
solution is not compatible with this cleaning approach due to the increased dielectric 
constant.  However, as described below, other experiments were run at lower 
temperatures such as 50oC with more promising results. 
Experiments at 50oC 
The exposures to GXLs were repeated albeit at the lower temperature of 50oC.  In 
addition, FTIR was implemented to assess bonding strurctures.  Contact angle 
measurements were performed on the samples to the 50oC GXL.  Unlike the samples 
exposed at 90oC, the contact angles were much higher but not as high as the unexposed 
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samples as shown in Table A.6.  In addition, the wafers were softbaked at 120oC for 5min 
to ensure that all the cleaning solution had been removed.   
Table A.6: Contact angles before and after GXL exposure.      
 
 
 
 
CV measurements were taken again in order to determine the dielectric constant, but the 
results were inconclusive because the accumulation capacitance was not stable.  
However, based on the higher contact angles, it is assumed that the dielectric constants 
are lower than those samples exposed at 90oC because the higher contact angles result 
from higher concentrations of Si-OH on the surface and possibly throughout the bulk 
film.  The OH—containing solution should diffuse readily into the bulk film at higher 
temperatures and will therefore cause the generation of a more hydrophilic surface 
containing Si-OH bonds.   
Instead of XPS, FTIR measurements were performed to investigate chemical 
structure.  As discussed in the earlier Experiments at 90oC section, XPS measurements 
were inconsistent and hence were not performed.  Some data indicated multiple curve 
fittings while others did not.  The FTIR measurements supported the expectation from 
contact angle studies that the –CH3 peak at 2977cm-1 and Si-O-Si peak at 1062cm-1 peaks 
were unchanged after GXL exposure at 50oC and 1500psi as indicated in Fig A.59.   
before after % difference 
Coral 98 77 -21.90
BD 91 61 -33.08
MSQ 108 83 -23.15
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Figure A.5: FTIR spectra of Coral. 
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Figure A.6: FTIR spectra of Black Diamond. 
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Figure A.7: FTIR spectra of MSQ. 
 
A Si-OH peak at 3740cm-1 or 942cm-1 was expected for the GXL exposed 
samples because Si-OH bonds are the likely cause of the increased hydrophilicity but this 
peak did not appear in the GXL-exposed samples.  Interestingly, for Black Diamond™ 
and MSQ, the peak at 611cm-1 decreased significantly after the GXL exposure.  The 
611cm-1 peak is associated with Si-Si10.  According to the FTIR spectra, fewer Si-Si and 
Si-O-Si bonds exist, indicating that the film may have become less structured because 
local bonding structures have been altered.   
The lower temperature used allows more CO2 to be dissolved in the liquid, 
thereby generating a more dilute solution.  At 90oC, ~22mL of liquid was collected; 
however, at 50oC, ~11mL of liquid was collected from the reactor.  The mole fraction of 
CO2 that dissolves in methanol at 90oC and 1500psi is 0.33 while for CO2 at 50oC and 
1500psi the mole fraction is 0.555.  Because the GXL is more dilute due to the higher 
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fraction of CO2, a lower concentration of reactive chemical moieties are present and the 
contact angle remains moderately high.  In Myneni’s studies, which were performed at 
3000psi and 70oC, a considerably higher concentration of CO2 exists; thus, the low k 
dielectric may not be affected, although electrical measurements were not performed in 
this study11.  In the current GXL experiments, the bicarbonate solution through OH- ions 
appears to attack the low k film and render it hydrophilic, thereby increasing the 
dielectric constant.  In comparison, a more dilute (in reactive chemical) solution will 
display lower reactivity.   
Experiments with Bicarbonates and Hydroxide Solutions 
The liquid cleaning studies using ammonium bicarbonate, ammonium hydroxide, 
and sodium hydroxide were carried out in order to investigate the cleaning capabilities of 
bicarbonate and hydroxide ions.  Previous studies used a tetramethylammonium 
bicarbonate solution where it was postulated that OH- ions from the 
tetramethylammonium hydroxide was responsible for the cleaning observed as a result of 
etching of the underlying silicon oxide layer, thereby promoting a lift off mechanism5.  
The GXL used in the current study contains both bicarbonate and hydroxide ions.  
Distinct bicarbonate or hydroxide solutions were examined to determine which of the two 
ions were involved in the cleaning.  In addition two different solvents water and methanol 
were studied because water is a source of hydroxide ions whereas methanol does not 
dissociate to give hydroxide ions. 
 After processing the patterned and MSQ film samples in methanol or water with 
different bicarbonate or hydroxide solutions, the MSQ appears the same visually, but the 
commercially patterned sample showed either incomplete or complete removal of the 
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photoresist depending upon the specific cleaning solution.  Incomplete removal may be 
due to low concentrations of OH- in equilibrium with bicarbonate due to the presence of 
water or may be due to the bicarbonate itself.  The complete removal was most likely due 
to the presence of OH-.  From the equilibrium shown below and a bicarbonate pKa of 
10.3 the OH- concentration in water was 7.1x10-7M12.   
HCO3- + H2O ? H2CO3 + OH-   (A.1) 
Because water can provide an OH- source, the hydroxide and bicarbonate 
solutions were dissolved in methanol as well.  These experiments permit an investigation 
of the effects of ammonium bicarbonate on cleaning.  Table A.7 summarize the results.  
The fluid used for contact angle measurements was water but the solvent in which 
NH4HCO3, NH4OH, and NaOH were dissolved in was either water or methanol. 
Table A.7: Summary of contact angle results for MSQ and removal evaluation for commercial 
samples. 
 
 Molarity (M) 
Contact Angle (o) 
MSQ 
PR Removal 
Patterned Sample 
 
CH3OH 
solvent 
H2O 
solvent
CH3OH 
solvent 
H2O 
solvent
CH3OH 
solvent 
H2O 
solvent 
NH4HCO3 0.081 0.01 105.6 70
not 
clean 
not 
clean
NH4OH n/a 7.7 n/a 39.4 n/a clean
NaOH 0.01 0.01 98.3 32.1
not 
clean clean
 
 
Only the solutions containing OH- ions that could dissociate in water were able to fully 
remove the photoresist films but at the expense of decreasing the MSQ contact angle and 
hence increasing the dielectric constant.  Moreoever, the hydroxide solutions or strong 
bases were unable to remove the photoresist films if they were dissolved in methanol 
because in methanol the salts cannot fully dissociate.  The NH4HCO3 salt in water was 
not able to completely remove the photoresist film but was somewhat successful.  This 
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result is plausible because the equilibria suggest that HCO3- can interact with water to 
create OH- that etched the underlying silicon dioxide film and also caused a lowering of 
the contact angle for the MSQ sample.   
A molarity of 0.01M corresponds to a pH of 12 for complete dissociation of the 
strong base NaOH in water whereas a molarity of 7.7M for NH4OH also corresponds to a 
pH of 12.  A pH of 12 was chosen because the TMAHCO3 solution has a pH of ~12 in 
water where the 5% water in the TMAHCO3 solution is sufficient to generate the OH- 
concentration needed for the observed pH13. 
 Comparing the results of the GXL experiments at 50oC and NH4HCO3 in water at 
50oC, the contact angles for MSQ are 83o and 70o, respectively.  The GXL experiments 
may have given higher contact angle because the solution in contact is more diluted due 
to the inclusion of CO2, leading to a lower concentration of hydroxide ions for surface 
etching   
Conclusions 
 Coral™, Black Diamond™, and MSQ low k dielectric films were exposed to CO2 
expanded TMAB in methanol GXLs.  Although the resulting film thicknesses were 
unchanged, the contact angles demonstrated significant hydrophilicity after GXL 
processing.  XPS and FTIR demonstrated bond changes from Si-C to Si-O that supports 
the transition to hydrophilicity.  GXLs may be compatible with low k dielectric materials 
if other cosolvents besides those that use hydroxide ions are used.  The fully dissociated 
hydroxide ions are able to remove the photoresist films but at the expense of increasing 
the dielectric constant of the low k material by increasing the hydrophilicity of the film.  
The strong bases NaOH and NH4OH in methanol that are apparently not fully dissociated 
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were unable to remove the photoresist film but did not affect the hydrophobic nature of 
the MSQ film.  GXLs that are more diluted with CO2 or that possess no hydroxide ions 
may be necessary to allow GXLs to be fully compatible with low k materials.  Similar 
studies to those described in this appendix on spin cast MSQ films provided by Sematech 
have been described in Chapter 5.  However, due to different processing conditions for 
the MSQ films, the results were significantly different.  It is likely that the low k 
dielectric films from Sematech had not been completely post baked or were prepared 
under processing conditions that resulted in enhanced susceptibility to reaction with 
hydroxide ions. 
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 APPENDIX B  
COMPATIBILITY OF CO2 WITH COMMERCIAL SOLVENTS 
FROM EKC TECHNOLOGY  
Introduction 
Dupont-EKC Technology partnered with Georgia Tech in order to investigate the 
compatibility of CO2 with EKC Technology’s solvent solutions for photoresist and etch 
residue removal.  In addition, possible new chemistries were explored.  EKC Technology 
is an industry leader in photoresist and etch residue removal products.  Their portfolio of 
removal solutions includes products that are compatible with Al, Cu, and various low k 
materials.  Their most successful products rely on amine basic chemistry to remove 
photoresist and etch residue.  All of their current solutions are liquid based and through 
the partnership with Georgia Tech possible gas-expanded liquids were explored using 
EKC Technology solvents expanded with CO2.  Key relationships, interactions and 
modifications that were examined included pressure, precipitation, and dilution.  The 
molecular structure of the chemical components in various EKC solvents based on 
hydroxylamine and diglycolamine chemistries were correlated with photoresist removal 
efficiency and solution behavior.  In addition, the solvents monoethanolamine, choline 
hydroxide, and propylene glycol were proposed as possible alternatives or additions to 
the current EKC products.  In order to examine branching effects, diethanolamine and 
triethanolamine which have more branching compared to monoethanolamine were tested.  
Based on the experimental results, 2-methoxyethylamine and 2-(2-aminoethylamino) 
ethanol were investigated as possible CO2 compatible amines.  The following sections 
describe the studies performed with a number of different bases and solvents to evaluate 
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the feasibility of using CO2 gas expansion to promote photoresist removal using 
commercial solvents from EKC.     
The primary mechanisms for removal of photoresist are oxidation, dissolution, 
and reduction1.  Specifically, dissolution studies are the most interesting because they 
relate to current EKC products.  The solvent/amine stripper penetrates the photoresist, 
swells the film, and then dissolves it.  The base reacts with acidic photoresist.  
Specifically, the amine group in hydroxylamine attacks the carbonyl in the photoresist  
Studies at Georgia Tech have noted similar results but the photoresist film swells due to 
the addition of high pressure CO2 (>1000PSI) and the film does not dissolve but rather 
lifts off due to the etching of underlying silicon oxide by hydroxide ions2.  The most 
commonly incorporated compound type in the EKC removal agents is an amine.  
EKC265 which uses hydroxylamine, removes the photoresist even in post metal 
processes by a combination of reduction, chelation, and nucleophilic attack on the 
carbonyl group in the photoresist1.  In contrast, the chemistry used at Georgia Tech for 
photoresist film removal is not amine based but rather hydroxide based.  The two 
chemical structures are shown in Figure B.1.   
 
 
 
 
        A       B 
 
Figure B.1: A) hydroxylamine and B) tetramethyl ammonium hydroxide. 
 
HO NH2 N
CH3
CH3
CH3 CH3
+
OH-
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The base tetramethyl ammonium hydroxide (TMAH) is used in the IC industry to 
develop positive photoresist3.  However, at Georgia Tech, CO2 has been added to this 
base to create tetramethyl ammonium bicarbonate in equilibrium with hydroxide ions, 
which is effective in removing photoresist and post plasma etch residue that exists on a 
Coral® low-k dielectric sample2, 4-6. 
Experimental Method 
Positive photoresist (Shipley SPR3012) coated silicon wafers were used as test 
wafers.  The film thickness was 1.8μm according to factory specifications.  The wafer 
was baked for 15min at 180oC to toughen the film and ensure removal of all casting 
solvent.  A solution of potassium hydroxide 1M was used to remove the film in order to 
create a removal standard.  Film removal was confirmed via visual observation of the 
silicon surface.     
The wafer was cut into small 1cm2 pieces and then immersed in the solutions.  
The photoresist samples were exposed to monoethanolamine (MEA), propylene glycol 
(PPG), choline hydroxide (COH) (see Figure B3 for chemical structures), and 
combinations of these chemicals at 65oC for 30 minutes each in beaker studies.  MEA 
was semiconductor grade, PPG was semiconductor grade, and COH was semiconductor 
grade with 55% water from Sigma Aldrich.  Samples were subsequently rinsed with 
isopropyl alcohol using a squirt bottle.  For the combination studies, the solutions were 
mixed in equal volume amounts.  In a dilution study, MEA was diluted with nine parts of 
ethanol, methanol, or choline hydroxide.  After the liquid studies, CO2 was added to the 
various solutions to determine their interactions with CO2.   The CO2 was SFC grade 
from Air Liquide.  For the experiments using CO2 and MEA, CO2 was added 
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continuously for 15 minutes until the temperature of the MEA solution began to decrease 
indicating completion of the reaction between the acidic gas CO2 and the basic MEA.  
The CO2 added MEA was heated to 65oC and the Shipley hard baked sample was placed 
into the solution.  After 30 minutes, the Shipley sample was removed and rinsed with 
isopropyl alcohol.   
In addition to MEA, other amines such as diethanolamine and triethanolamine 
were tested in order to examine the branching effects on photoresist removal and 
interaction with CO2.  The photoresist film was exposed to these fluids at 65oC for 30min 
and rinsed with isopropyl alcohol. 
 EKC solvents are based on amine chemistries such as hydroxylamine and 
diglycolamine.  EKC265 which contains hydroxylamine and EKC830 which contains 
diglycolamine were heated to 65oC and the samples were submerged in the solution for 
30min.  CO2 was added to EKC265 and EKC830 in order to assess the effects of CO2 on 
these solvents.  High pressure studies at 1000psi for 30min were performed for EKC830. 
 Similar chemicals to diglycolamine such as 2-(2-aminoethylamino) ethanol and 2-
methoxyethylamine (Figure B.7)  that result in photoresist removal despite the addition of 
CO2 were also tested.  Although the MSDS specifically stated that CO2 was not to be 
added to 2-methoxyethylamine, this warning was not heeded; the warning was given 
because in all cases, adding CO2 to amines will cause a highly exothermic reaction that 
can release NOx fumes.  These fumes are hazardous, but all experiments were performed 
in a fume hood.  2-methoxyethylamine was pressurized with CO2 at pressures of 500psi, 
775psi, 1000psi, and 1800psi at 65oC for 30min for all studies.  Figure B.2 shows a 
schematic diagram of the high pressure reactor configuration. 
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Figure B.2: Diagram of high pressure GXL system. 
 
Two 1000D Isco pumps were used to maintain the desired pressure.  A Parr reactor 4566 
with a magnetic stir system and heating jacket was used as the reaction chamber.  The 
waste was exhausted into a high pressure compatible container. 
Results and Discussion 
Monoethanolamine, Choline Hydroxide, and Propylene Glycol 
MEA is a primary amine and base that can function as the removal agent for a 
photoresist film.  COH is possibly the OH- source that may aid in removal because of its 
ability to etch silicon dioxide7.  PPG is used as the solvent, although a smaller molecule 
such as methanol may also serve as the solvent.  Figure B.3 displays the chemical 
structures of these reactants. 
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Figure B.3: A) monoethanolamine, B) choline hydroxide, and C) propylene glycol   
 
MEA appears to be the key agent in removal of photoresist.  MEA, MEA plus 
COH, and MEA plus COH plus PPG were all able to remove the film at 65oC within 30 
minutes, when the solutions were prepared in equal volume ratios.  The photoresist film 
was removed in one piece or in fragments rather than dissolved into the solution as was 
the case for removal using the strong base KOH.  MEA was further investigated at room 
temperature and with other diluents such as ethanol and methanol.  No removal occurred 
at room temperature for 30 min using MEA.  MEA is fairly viscous; therefore, diluting 
this material would reduce the viscosity.  MEA was diluted with ethanol, methanol, or 
COH with a 1:9 ratio each.  However, none of the three diluted mixtures MEA+ethanol, 
MEA+methanol, or MEA+ COH were able to remove the film at 65oC and 30 minutes.   
Carbon dioxide was bubbled into the solutions to investigate possible reactions.  
Visually, COH and PPG seemed unreactive to carbon dioxide whereas MEA reacted 
strongly with the CO2 in a highly exothermic reaction where the temperature increased to 
~ 80oC.  In contrast, tetramethylammonium hydroxide (TMAH) which has been 
investigated previously at Georgia Tech increased to 50oC with the addition of CO2.   
H2N
OH
HO
N+
CH3
CH3
CH3
OH-
OH
OH
CH3
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CO2 reacts more rapidly with MEA than with TMAH, possibly due to the fact that 
the MEA is more concentrated whereas the TMAH solution was diluted in methanol (3 
parts methanol to 1 part TMAH).  In addition, MEA is a primary amine whereas TMAH 
is a quaternary amine.  CO2 probably attacks MEA to form a carbamate whereas CO2 
attack on TMAH forms a bicarbonate8, 9.  The carbamate formation is a two step process 
as shown below in Figure B.4.   
Zwitterion Formation 
 
Carbamate Formation 
 
Figure B.4: Formation of a carbamate from an amine and CO210. 
 
 After CO2 reaction with MEA, the solution was unable to remove the photoresist 
film indicating that the CO2 chemically modified the MEA to render it less potent.  In 
addition, the viscosity significantly increased.   
MEA has been used in to absorb CO2 from flue streams; after subsequent heating, 
the absorbed CO2  is released11, 12.  However, even after the MEA was heated to 100oC, 
the viscosity remained the same, which suggests that the CO2 had in fact not been 
desorbed.  Interestingly, CO2 added to MEA and 5% DI water at 65oC and 30 minutes 
partially removed the film indicating that the CO2 preferentially reacted with the water 
instead of the amine, forming carbonic acid.  
Diethanol Amine and Triethanol Amine 
In addition to the primary amine MEA, secondary and tertiary amines diethanol 
amine (DEA) and triethanol amine (TEA), respectively, were evaluated.  Due to the 
−+⎯⎯ →←+ COONHRRCONHRR 21k,k221 21
−+−+ +⎯→⎯+ NCOORRBHBCOONHRR 21k21 B
B = any base
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increased branching structure compared to MEA (Figure B.5), the larger ethanol amines 
are inherently more viscous even before CO2 addition.   
 
 
 
 
 
  A             B             C 
Figure B.5: A) monoethanolamine, B) diethanolamine and C) triethanolamine. 
 
The increased branching may limit the ability of CO2 molecules to react with DEA and 
TEA and thus inhibit the creation of carbamate.  The carbamate formed may be the 
reason for the increased viscosity after CO2 addition and this could account for 
incomplete removal of the photoresist film.  Pure (liquid) DEA and TEA were expected 
to remove the photoresist films because of the fundamentally similar chemical structure 
to that of MEA.  However, even pure liquid DEA and TEA were ineffective in removing 
photoresist films at 65oC for 30 minutes.  When CO2 was added to DEA, the temperature 
rose slightly (on the order of 1-2oC) whereas the TEA solution decreased in temperature 
by 1-2oC possibly due to the cooling of CO2 gas from the Joule-Thomson effect13.  Due 
to the increased branching, the CO2 was not absorbed readily by the fluids and was not 
effective in promoting removal of the photoresist film.   
Hydroxylamine and Diglycolamine 
H2N
OH
HO OH
N
H
HO OH
N
OH
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The two industrial solvents of interest based on preliminary results at Georgia 
Tech were EKC265 which contains hydroxylamine (HDA) and EKC830 which contains 
diglycolamine (DGA).  The chemical structures are show in Figure B.6. 
 
 
 
  A           B 
Figure B.6: A) hydroxylamine and B) diglycolamine. 
 
Both were effective in removing photoresist at 65oC for 30min.  HDA like MEA is an 
amine and has a hydroxide group.  HDA is explosive and hence is diluted by water to 
50% by volume.   
The addition of CO2 caused an exothermic reaction thereby increasing the 
solution temperature of HDA to 37oC.  HDA removed the photoresist film and with CO2 
addition, HDA was partially effective; half the resist remained after treatment.  Although 
HDA is somewhat effective even with addition of CO2, the HDA solution must contain 
water for safety reasons.  For GXLs the inclusion of water causes problems due to the 
phase separation between water and CO2 because CO2 has very limited solubility in 
water.  As a comparison at 40oC and 735psi the mole fraction of CO2 in methanol is 
0.310 whereas it is 0.015 for water14, 15.   
For the high pressure CO2 studies, HDA was not pressurized with CO2 because in 
CO2 the water and HDA may phase separate causing an explosion hazard.  EKC830 was 
used at 65oC for 30min at 1000psi but the film was not removed.  When the temperature 
was increased to 85oC, photoresist removal was achieved.  EKC830 contains 
diglycolamine (DGA) which apparently becomes chemically active at 85oC according to 
HO NH2
H2N OH
O
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the process conditions on the EKC website.  In addition, the higher temperature means 
that the GXL contains less CO2 and hence consists of more concentrated DGA which 
promotes film removal.  
2-(2-Aminoethylamino) Ethanol and 2-Methoxyethylamine 
 Based on the chemistry of 2-2 aminoethoxy ethanol (diglycol amine or DGA) 
used in EKC830, other amines that are chemically and structurally similar such as 2-(2-
aminoethylamino) ethanol (AEAE) and 2-methoxyethylamine (MXEA) were tested.  
Figure B.7 shows the molecule structures.   
 
 
 
   A      B 
Figure B.7: Molecular structure of A) 2-(2-aminoethylamino) ethanol and B) 2-methoxyethylamine  
 
MXEA has similar properties (e.g., boiling points and flash points) to ethanol and 
methanol whereas AEAE is similar to DGA.  Table B.1 compares these properties. 
Table B.1: Boiling points and flash points of some of the amines and alcohols investigated. 
 
Chemical Boiling Point (oC) Flash Point (oC) 
2-methoxyethylamine (MXEA) 95 12 
Methanol 65 12 
Ethanol 78 12 
2-2 aminoethoxy ethanol (DGA) 220 127 
2-(2-aminoethylamino) ethanol (AEAE) 238 129 
 
DGA and AEAE both removed the photoresist film at 65oC and 30 minutes.  MXEA was 
not as effective but appeared to dissolve the film as indicated by the color change of the 
fluid from clear to orange which reflected the color of the dissolved photoresist.  After 
CO2 addition, DGA, AEAE, and MXEA had exothermic reactions with peak 
NH2
O
H3C
HO NH2
N
H
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temperatures of 87oC, 100oC, and 80oC respectively.  As expected, CO2 additions 
significantly increased the viscosity of DGA and AEAE; however, the viscosity increased 
moderately for MXEA.  Although DGA and AEAE were unable to remove the 
photoresist film after CO2 exposure, MXEA was better able to remove the film.  In 
addition, unlike in its pure form where the film seemed to dissolve, the film was removed 
in chunks with CO2 added MXEA.  Although MXEA is flammable and corrosive, these 
qualities are comparable to TMAH and other removal solution chemistries.  Interestingly, 
according to the HMIS (Hazardous Materials Identification System) and NFPS (National 
Federation for Personal Safety) rating in the MSDS for MXEA, the reactivity number 
was listed as zero.   
 Ethanol was added to MXEA to dilute the solution and also to reduce the 
viscosity as was carried out previously with MEA.  The mixture was 1:1 by volume, but 
the diluted solution was unable to remove the film at 65oC for 30min.  Although MXEA 
cannot be diluted, it is the only solution besides HDA that can remove the photoresist 
film even after CO2 addition at 65oC.  HDA cannot be pressurized with CO2 due to phase 
separation but MXEA may be pressurized with CO2 as a GXL. 
 MXEA also containes an ether linkage and does not have a hydroxide group like 
the other alcohol amines.  The hydroxyl group promotes the miscibility in water.  This 
property is normally very important environmentally, because disposal of water soluble 
solvents is easier; however, for GXLs this property is not critical.  Another ether that was 
investigated was propylene glycol methyl ether (PGME) but it did not contain the vital 
amine group that causes film removal.  The amine attacks the carbonyl in the photoresist 
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which makes it soluble in an alkaline solution1.  The molecular structure of PGME is 
shown in Figure B.8.   
 
 
 
 
Figure  B.8: propylene glycol methyl ether. 
 
With or without CO2 addition at 65oC and 30 minutes, the PGME could not remove 
photoresist films.  Ethers are less reactive and hence probably are not able to remove the 
film without the presence of a reactive amine group.   
 High pressure studies using MXEA and CO2 were performed.  The process 
conditions were 65oC for 30mins at 500psi, 775psi, 1000psi, and 1800psi.  All pressures 
were effective for photoresist removal, but only at pressures above 1000psi did the 
MXEA liquid seem to readily dissolve the CO2 and expand as indicated by visual volume 
expansion.  The viscosity of MXEA was measured before and after CO2 addition to be 
0.84cP and 123cP, respectively, for non-pressurized fluids.  This is a large difference 
considering that the solution densities changed only slightly to 0.8544 and 1.0662, 
respectively.   
 These experiments indicate that CO2 addition to primary amines inhibits 
photoresist removal and increases fluid viscosity.  MXEA can remove photoresist films 
with CO2 addition; Table B.2 summarizes the results. 
 
 
 
H3C
OH
OH
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Table B.2: All experiments were run at 65oC for 30min with a Shipley SPR3012 positive photoresist 
baked at 180oC for 15min. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Conclusions 
EKC amine based chemistries were used to remove positive photoresist films.  
Initially, monoethanol amine (MEA), choline hydroxide (COH), and propylene glycol 
PPG) were chosen to remove the films.  MEA and COH serve as the removal agents 
while PPG is the solvent and dilution agent.  Although MEA was able to remove the 
photoresist at 65oC for 30min, upon exposure to CO2 the chemistry was ineffective.  The 
inclusion of COH and PPG only diluted the fluid and made it less effective as well.  EKC 
solvents such as EKC265 which contains hydroxylamine (HDA) and EKC830 which 
contains diglycolamine (DGA) effectively removed the photoresist at 65oC for 30min.  
Unlike MEA, HDA and DGA were somewhat effective in removing the photoresist but 
not completely at 65oC.  Based on the chemistry of diglycolamine, 2-(2-
NoNoPropylene Glycol
NoYesMonoethanolamine 
NoYes2-(2-aminoethylamino) 
ethanol
YesYes2-methoxyethylamine
NoYesDiglycolamine 
NoNoCholine Hydroxide 
partialYesHydroxylamine 
NoNoTriethanolamine 
NoNoDiethanolamine 
With CO2Without 
CO2
Compound
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aminoethylamino) ethanol and 2-methoxyethylamine were selected as possible candidates 
that would be effective even after CO2 addition.   
At pressures from 500psi to 1800psi CO2 expanded MXEA at 65oC for 30min was 
able to remove the films.  However with CO2 incorporation, MXEA became fairly 
viscous but remained effective.  When MXEA was diluted with ethanol, its effectiveness 
in film removal was lost.  Although MXEA is a possible candidate for GXL formation, 
the viscosity must be decreased in order to ensure penetration into small feature sizes for 
current and future ICs.  
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APPENDIX C 
ALTERNATIVE AMINE CHEMISTRIES AND DETERMINATION 
OF FILM REMOVAL UNIFORMITY 
Introduction 
Alternative Amine Chemistries 
According to previous literature and the data described in Appendix B, our 
experiments indicated that the order of the amine group had an effect on the reactivity 
with CO2; tertiary amines were less reactive with CO2 than primary amines but at the 
expense of reduced photoresist removal capability.  Reactivity was gauged by the 
increase in amine solution temperature upon CO2 exposure.  Among the many amines 
tested, the primary amine 2-methoxyethylamine was the only one effective in removing a 
Shipley SPR3012 photoresist that was baked at 180oC for 15min.  The photoresist was 
removed after immersion in a liquid bath at 65oC for 40min with and without the addition 
of CO2.   
Our studies determined that 2-methoxyethyl amine (MXEA) is an effective 
photoresist removal agent that is moderately compatible with CO2; however, the 
increased viscosity limits its viability as a removal agent for future ICs.  Beilstein 
Commander® was used to identify other possible amine chemistries based on 2-
methoxyethyl amine.  .  Appropriate amines must be compatible with CO2, maintain low 
viscosity, and be able to remove the photoresist film.  Beilstein Commander searches for 
chemicals based on specific parameters.  The parameters chosen were an ether group, 
amine group, and a hydrocarbon chain with less than four carbon atoms.  The ether group 
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appears to be important to reduce the amine reactivity with CO2.  The amine group is 
necessary because it serves as the removal agent.  A carbon chain with four carbons is 
essential because the longer chain hydrocarbons are more viscous.  Many chemistries 
matched these parameters but only four chemistries were investigated at EKC as shown 
in Figure C.1.  The other chemistries were not chosen because they were not 
commercially available from major chemical vendors such as Sigma Aldrich and VWR. 
 
 
 
 A      B 
 
 
 
 
 C      D 
Figure C.1: A) 2-ethoxyethyl amine, B) 3-amino-propane-1,2-diol, C) 3-methoxy-propylamine, and 
D) dimethylformamide-diemthyl-acetal. 
 
2-ethyoxyethyl amine was chosen because it had a longer hydrocarbon chain 
following the ether group than does MXEA.  3-aminopropane 1,2 diol was chosen 
because it has two terminal oxygen atoms.  3-methoxypropylamine was chosen because it 
had a longer hydrocarbon chain than 2-ethyoxyethyl amine, between the nitrogen and 
oxygen atoms.  Dimethylformamide-dimethylacetal was chosen because it had two ether 
linkages.  Each of the chemicals offers differences that may improve the removal 
effectiveness of the chemical even with the addition of CO2 as described above.  
H2N
O CH3 O NH2
O
H2N O CH3
H3C O
NH2
O CH3
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However, only one of these chemistries was tested due to safety concerns or physical 
property limitations with the other three.  N,N dimethylformamide dimethylacetal fumes 
can form an explosive mixture with air.  3-amino-propanol 1,2 diol is highly viscous.  3-
methoxypropylamine is highly flammable, corrosive, and sensitive to air.  Since the 
hazard level of two of these chemicals is extremely high, and the viscosity of the third is 
problematic from the standpoint of residue removal from small, high aspect ratio 
openings, actual implementation into an IC process is unlikely.  As a result, these three 
chemical were not investigated as candidates for GXLs.  The remaining chemical, 2-
ethoxyethylamine, was tested for photoresist removal efficiency and CO2 compatibility.   
Determination of Film Removal Uniformity 
Prior studies by Spuller indicated that CO2 mole fractions in ethanol up to 0.75 
were able to remove a PHOST (polyhydroxystyrene) photoresist film, albeit the sample 
sizes were only 1cm2 1.  The PHOST film had been baked for 5min at 120oC and exposed 
to 700psi CO2 expanded ethanol for 10min at room temperature.  Analogous conditions 
were to be replicated using the 8” wafer high pressure system.  Isopropyl alcohol (IPA) 
was chosen as the solvent to test the removal uniformity across an 8” wafer.  IPA, like 
other low molecular weight alcohols, can incorporate CO2 effectively as shown in Figure 
C.2.    
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Figure C.2: CO2 mole fraction in various alcohols2-5. 
Experimental Method 
A positive photoresist (Shipley SPR3012) coated silicon wafer was used as the 
test wafer.  The film thickness was 1.8μm according to factory specifications.  The wafer 
was baked for 15min at 180oC to toughen the film.  The wafer was cut into small 1cm2 
pieces and immersed in EXEA at 65oC for 30min.  The samples were rinsed with 
isopropyl alcohol using a squirt bottle.  CO2 was bubbled into EXEA reagent grade from 
Sigma Aldrich and the experiment was repeated.  Contact angle measurements were 
performed using FTA200 to confirm complete film removal.    
To test the 8” wafer cleaning system, a silicon wafer with a novolac based I-line 
365nm wavelength photoresist served as the experimental sample.  The system in Figure 
B.2 was modified slightly in that the small high pressure Parr reactor 4566 functioned as 
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a holding/mixing chamber to allow equilibration of the gas and liquid.  In addition, 
heating tape was wrapped around the large 8” wafer reactor to control the temperature in 
the wafer chamber.  Beaker studies using IPA were carried out as preliminary tests.   
The mini Parr reactor was filled with 150mL of ethanol and the CO2 was 
pressurized to 700psi.  Upon opening the valve to the large 5gal chamber Parr reactor 
4555, the pressure immediately dropped from 700psi to ~450psi due to the large increase 
in volume.  The 8” wafer system has a volume of 1L.  Even with both Isco pumps 
running it was difficult to immediately pressurize the system back to 700psi; 6 min were 
required.  Two minutes was necessary to depressurize the system to unload the sample.   
After exposure to the cleaning solution, the sample was dried using a nitrogen gas 
stream.  A J.A. Woollam VASE L2W16D.830 ellipsometer was used to determine 
Cauchy parameters, refractive index, and remaining photoresist thickness.  The refractive 
index and thickness were used as starting points for analyses of thickness as determined 
by the Gaertner ellipsometer that was able to scan the entire wafer and so establish a 
thickness distribution.   
Results and Discussion 
Alternative Amine Chemistries 
2-ethoxyethylamine was able to remove the film with and without CO2.  From 
contact angle measurements, a blank wafer had a contact angle of 14.8o while the cleaned 
wafer after 2-ethoxyethylamine exposure had a contact angle of 27.3o.  Although the 
contact angles are different, even when EKC830 which is specially designed for 
photoresist removal was used, the contact angle was 21.5o.  The uncleaned wafer had a 
contact angle of 37.3o.  Although the contact angles varied, this may be due to incomplete 
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rinsing of the fluids after exposure.  XPS analysis would have been more conclusive, but 
this capability was unavailable at the EKC facility.   
As expected, the 2-ethoxyethylamine (EXEA) reacted with CO2 to form a viscous 
solution.  The initial hypothesis was that the EXEA should react less than its 2-
methoxyethylamine (MXEA) sibling because EXEA is a slightly larger molecule with a 
molecular weight of 89.1g/mol versus 75.1g/mol for MXEA.  However, this was not the 
case; both solutions reached a temperature of 80oC upon exposure to CO2 for 2 min.  
EXEA is a larger molecule but apparently was not large enough to generate an 
appreciable difference in reactivity.  EXEA was equally effective in removing a 
photoresist film as was MXEA.  Unfortunately, like MXEA, the viscosity of EXEA 
increased significantly from 0.78 to 126.3cP after CO2 exposure.  A low viscosity liquid 
is necessary in order to reach the bottom of the small vias and trenches for residue 
removal.  The amine and CO2 studies indicate that these molecules do not offer 
compatible chemistries.  Clearly, other gases or removal chemistries need to be 
investigated such as amines with ethane gas or CO2 with salts.   
Determination of Film Removal Uniformity 
Before testing the more difficult to remove baked photoresist samples, an unbaked 
sample was tested at room temperature and 725psi of CO2 using IPA as the removal 
solvent for 10min.  A thin layer of liquid was observed on the wafer surface indicating 
that the wafer was exposed to the GXL during the entire processing time.  After the N2 
drying step, the 8” wafer was re-exposed to the ethanol GXL at 700psi for 10min at room 
temperature.   
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In Figures C.3 and C.4, the photoresist film refractive index distributions after the 
first and second GXL exposures, respectively, are displayed. 
 
   
 
 
 
 
 
 
 
 
 
 
 
Figure C.3: Refractive index topography of 8” wafer after first GXL exposure at 700psi for 10min at 
room temperature. 
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Figure C.4: A Refractive index topography of 8” wafers after second GXL exposure at 700psi for 
10min at room temperature. 
 
Clearly after the second GXL exposure, the surface was more uniform as indicated by the 
similar shade of color representing the refractive index.  The refractive index of silicon is 
3.85 and values close to this number indicate that photoresist removal has occurred.  
Figure C.5 shows the variance in photoresist thicknesses after the second GXL exposure. 
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Figure C.5: Film thickness topography after second GXL exposure. 
 
The relatively uniform film removal indicates that scaling of GSL processes is possible; 
however, two exposures were necessary to completely remove the film.  To reduce the 
number of exposures, a higher temperature was employed using IPA.  The temperature 
was 43oC and the pressure was 1090psi which gave a mole fraction of 0.75 CO2 in the 
IPA to imitate the mole fraction for the ethanol study done by Spuller1, 5.  At these 
conditions, the IPA the film was removed in one step.  Figure C.6 shows the film 
thickness topography. 
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Figure C.6: Topography of wafer after exposure to CO2 expanded ethanol at 1090psi and 43oC. 
 
Contact angle measurements were performed on the 8” wafers and the average contact 
angle was approximately 25o which is very close to the contact angle of 27.3o obtained 
from the EKC830 exposure. 
Due to the heating tape limitation and initial loading of 150mL of IPA, higher 
temperature and pressure studies were not feasible.  However, the experiments performed 
at the relatively low temperature of 43oC and pressure of 1090psi demonstrated that 
GXLs can be used to remove photoresist films.  
Conclusions 
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Amines and CO2 are essentially incompatible cleaning solution components due 
to the formation of carbamates, reactivity between CO2 and amine, and high viscosity of 
the fluid mixture6.  Thus, to design effective GSL cleaning approaches, alternative 
chemistries need to be investigated.  In order to invoke the use of amine chemistries, a 
non-reactive gas such as ethane could be used.  If on the other hand, CO2 must be 
employed, then other removal chemistries such as the use of a salt, ammonium fluoride, 
dissolved in an alcohol should be effective.  Indeed, Advanced Technology Materials Inc. 
has filed a patent that uses a high pressure ammonium fluoride solution7  The patent 
applies both to particle removal and post etch residue removal, although the solvent used 
is methanol with supercritical CO2 rather than a GXL .  The fluid composition is 5-
20wt% methanol and 0.01-2wt% fluorine at 50oC and pressures ranging from 1000psi to 
7500psi. 
Preliminary experiments with the 8” wafer system demonstrate that scaling of 
GSL cleaning approaches is possible although some conditions (e.g., temperature) may 
need to be enhanced to aid in photoresist film removal.  In addition, studies using our 
reactor system suggest that a larger holding/mixing chamber would have been more 
effective in transferring the GXL to the main chamber. 
References 
1. Spuller, M. Resist and Residue Removal Using Gas Expanded Liquids. PhD, 
Georgia Institute of Technology, Atlanta, 2003. 
 
2. Galicia-Luna, L. A.; Ortega-Rodriguez, A., New Apparatus for the Fast 
Determination of High-Pressure Vapor-Liquid Equilibria of Mixtures and of 
Accurate Critical Pressures. J. Chem. Eng. Data 2000, 45, 265-271. 
 
 164
3. Chang, C. J.; Chiu, K.-L.; Day, C.-Y., A new apparatus for the determination of 
P–x–y diagrams and Henryﾒs constants in high pressure alcohols with critical 
carbon dioxide. Journal of Supercritical Fluids 1998, 12, 223-237. 
 
4. Vandana, V.; Teja, A. S., Vapor-Liquid Equilibria in the Carbon Dioxide + 1-
Propanol System. J. Chem. Eng. Data 1995, 40, 459-461. 
 
5. Radosz, M., Vapor-Liquid Equilibrium for 2-Propanol and Carbon Dioxide. J. 
Chem. Eng. Data 1986, 31, 41-45. 
 
6. Weiland, R. H.; Dingman, J. C.; Cronin, D. B.; Browning, G. J., Density and 
Viscosity of Some Partially Carbonated Aqueous Alkanolamine Solutions and 
Their Blends. Journal of Chemical and Engineering Data 1998, 43, (3), 378-382. 
 
7. Korzenski, M. B.; Ghenciu, E. G.; Xu, C.; Baum, T. H. Removal of particle 
contamination on patterned silicon/silicon dioxide using supercritical carbon 
dioxide/chemical formulations. US Patent Number 6,943,139, 2002. 
 
 
 
 
 165
 VITA 
INGU SONG 
            Ingu Song was born on November 17, 1980 to Chulkun Song and Jaehyun Song in 
Seoul, South Korea.  He graduated from L.V. Berkner High School in Richardson, TX in 
1999.  Then moved to freezing cold Ithaca, NY to attend Cornell University and 
graduated with a BS in chemical and biomolecular engineering in 2003.  Upon graduation 
he sought refuge in warm Atlanta, GA to attend graduate school at the Georgia Institute 
of Technology.  He finished his PhD in chemical and biomolecular engineering in 
September of 2007 and returned to his hometown of Dallas, TX to work as a process 
engineer at Texas Instruments. 
 
 
